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Animal silks are with fascinating properties that outperform most synthetic 
fibers available today, which render them the perfect biomimicking targets. 
However, a decent understanding on their formation mechanism, structure and 
properties relationship needs to be acquired before we can successfully biomimick 
the silks and exploit their applications. Herein, the goal of this work is to resolve 
the above issues through a systematic study. 
We first explored the effect of the non-repetitive (NR) terminal domains on the 
thermal stability of the proteins, the formation process of silk fibrils and fibers. It 
was found that the NR terminal domains can reduce the energy barrier during the 
protein structural transition and lead to more compacted and organized synthetic 
fibers. Also, the formation process of silk fibril was found to include the initial 
nucleus (the globular aggregates) formation and transition from the intermediate 
state (the protofibrils) to the final mature fibrils. We then probed the mechanical 
responses of silk fibrils through the combination of computer simulations and 
traditional characterization techniques. The most exhaustive picture for the 
hierarchical structure of silk fibrils was obtained, ranging from identification of 
the β-sheet forming residues (BSFR) to the β-conformation ratio and detailed 
semi-crystallite networks. Two important unfolding pathways for the cleavage of 
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β-nano crystallites were identified. The obtained knowledge enables the 
identification of the ideal parameters i.e., the BSFR sequence segments of silk 
fibrils and their proper length, to guide the design of synthetic silks with the 
optimized mechanical performance. Further, a simple method was employed to 
engineer a large covalently bonded silk protein with a MW of 378 kDa for 
artificial eggcase fibers. Utilizing this strategy, it was shown for the first time that 
the artificial fibers spun from recombinant protein can reach tenacity higher than 
its native counterpart. Finally, a home-made setup was used to investigate the 
effect of twisting on the mechanical performances of single silk fiber. It was 
revealed that different rigidity of the molecular network between silkworm silks 
and spider silks can lead to distinct mechanical responses to twisting. The 
possibility and feasibility to study the torsional properties of silks through proper 
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Silk is surely one of the most valuable and glaring gifts to human by nature. 
Silks are produced by many different insects [1]. Silkworm silk is the most 
well-known with great reputation in the textile area due to its luster, dyeability, 
and softness. Spider silk, as another exemplary material in the silk systems, has 
also successfully and continuously caught researchers’ eyes for its excellent 
toughness outperforming most of the synthetic fibers [2, 3]. In addition, silks are 
also promising candidates for biomaterials and functional materials in tissue 
engineering, electronics, optics and etc due to their biocompatibility and 
biodegradability [4]. Therefore, the study of silks, ranging from unraveling the 
structure-properties relationship to the artificial synthesis and potential 
applications, has become one of the hottest topics for current researchers. 
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1.1. General Introduction of Natural Silks 
Various insects, like honey bees, dragon flies and crickets, can produce silk 
fibers [1]. However, due to the limitation of the accessibility and differences in the 
properties, only the silkworm silks and spider silks are widely studied by current 
researchers. Silkworm silks are often referred to the fibers from the home 
domesticated silkworm - Bombyx mori. B. mori silk fiber composes of two 
protein-monofilaments glued together by a thick layer of sericin coating (Fig. 1.1a) 
[3]. The sericin coating makes up 25%-30% of the weight of B. mori silk fiber and 
can be washed away by using certain solutions [5]. Spiders produce up to 6 types 
of silks for various purposes (Fig. 1.1b) [6-10]. Major ampullate (MA) silks are 
used as the lifeline and to construct the orb web frame. Minor ampullate (MI) silks 
act as the auxiliary spiral and provide additional structural support for the web. 
Capture silks, produced by the ﬂagelliform (Fl) gland, are coated with the 
glue-like drop from the aggregate gland to catch the prey. Aciniform (Ac) silks are 
utilized by the spider to wrap the prey while eggcase silks are produced by the 
tubuliform (Tu) glands and employed to protect the offspring. Pyriform (Py) silks 
generally take on the role as the attachments of the web to the external support. 
Generally, silk fibers are semi-crystallite polymers extruded from the silk 
proteins, consisting of the stiff β-nano crystallites and the elastic amorphous 
regions [11]. B. mori fibroin is composed of a heavy chain fibroin, a light chain 




Figure 1.1 (a) Two Bombyx mori silk filaments glued together by the sericin coating 
(outer layer) [3]. (b) Different types of spider silks and their purposes [10]. 
fibroin is the main component and comprises 12 large hydrophobic domains 
intervened by 11 hydrophilic linkers [13]. The repetitive (RP) blocks, 
(GAGAGS)n (G: glycine, A: alanine, S: serine) (n ≤ 11), in the heavy chain 
fibroin are thought to form the crystallite regions while other residues construct 
the amorphous matrices [13-15]. For the 6 types of spider proteins, the major 
ampullate spidroins (Masp) of orb-web spiders are the most extensively studied 
[16-21]. Three major RP motifs are commonly found for Masp: (A)n, GPGXX and 
GGX (P: proline, X denotes a variable amino acid). (A)n blocks are the β-sheet 
forming residues which contribute to the super strength of the spider dragline silks, 
while the GPGXX and GGX forms into β-spiral and 310 helix respectively that 
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increase the elasticity of the dragline silks [22-24]. Besides the RP domains, both 
the silk fibroins and the spidroins contain the non-repetitive (NR) C- and 




1.2. Silk Formation, Structure, Properties, Synthesis 
and Applications 
1.2.1. Formation process of silks 
A decent understanding on the formation process and the underlying formation 
mechanism, which transform the highly concentrated silk protein (spinning dope) 
into the solid fiber with superb properties, is of critical importance for artificial 
synthesis of silks. The production of silkworm silk and spider dragline silk share a 
similar spinning process (Fig. 1.2a,b) [10, 24, 33]. In the spinning process, the silk 
proteins flow through a long tapering duct, where the diameter gradually 
decreases. This can exert the shear force and the elongational force to the silk 
proteins, driving them to extend along the duct and initiating the structural 
transition from initial random coils to the β-conformations. There is a draw-down 
taper at the end of the duct, where there is a sudden decrease in the diameter. This 
gives rise to a more extended conformation as well as a further structural 
transition to the β-conformations. The diameter of the final silk fibers can be 
controlled by adjusting the contraction of the muscular valve/press. Besides the 
shear force and the elongational force, the changes in the ions’ concentrations, pH 
value and the water content are also very important for the formation of the silks 
fibers. Generally, the concentrations of the chaotropic sodium and chloride ions 
will decrease while the concentrations of the kosmotropic potassium and 
phosphate ions will increase from the spinning duct to the spinneret, promoting 
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the structural transition to the β-conformations by exposing the hydrophobic 
surface of the NR C-terminus [10, 34, 35]. Also, the acidification of the spinning 
dope can induce the dimerization of the NR N-terminus and facilitate the 
interconnection of the molecular network [35-38]. In addition, the effective 
removal of water will assist the phase separation and further promote the 
formation of β-conformations [11]. 
 
Figure 1.2 Schematic illustrations of the silk glands and the spinning process of 
silkworm (a) [32] and spider (b) [10]. 
Polarizing microscopy on the spinning duct of both silkworm silk and spider 
silk revealed different optical textures along the spinning duct [27, 33], indicating 
that the nature of the spinning is actually the drawing process of the liquid crystals 
formed from the silk proteins [11]. The increasing in the birefringence from the 
duct to the spinneret reveals the increasing ordered structures in the silk proteins 
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[24, 27, 33, 39]. The liquid-crystalline spinning technology employed by the 
silkworms and the spiders is of high energy efficiency due to the reduced viscosity 
of the silk proteins with increasing shear rate arising from the shear thinning 
properties of the nematic liquid crystallite nature [11, 40]. This environmental 
friendly spinning technology should be one of the primary goals towards 
successfully biomimicking the silks. 
Besides the liquid crystal spinning nature, the micellar formation theory is also 
proposed to explain the in-vitro formation of the silk fibers [41]. Globular features 
can be readily observed in the film formed by the regenerated silk fibroin solution 
blending with polyethylene oxide (PEO) to mimick the natural silk processing 
[41]. In addition, such globular features are also observed during the artificial 
synthesis of silks and in the fracture surface of natural silk fibers [41, 42]. 
Therefore, it is speculated that the formation process of the silk fibers start first 
from the formation of the micellar structures by the amphiphilic silk proteins. The 
increasing concentration of the silk protein solution drives the micellar structures 
to aggregate into the globular features. Finally, the globular features are elongated 
and aligned together to form the final silk fibers. 
A schematic illustration of the two formation theory is shown in Fig. 1.3. These 
two theories, as pointed out by some researchers, are not contradictory, but just 




Figure 1.3 A schematic illustration of the two possible formation theories for silk 
fibers [43]. 
1.2.2. Hierarchical structures and properties of silks 
The unique formation process results into the silk fibers with complex and 
ingenious hierarchical structures. Increasing understandings on the hierarchical 
structures of silks have been attained with different structural analysis tools. 
Structural information on the molecular packing and crystallite arrangement has 
been obtained from X-ray diffraction (XRD). It is shown that the β-nano 
crystallites in silks consist of anti-parallel β-sheets and lie mainly parallel to the 
fiber long axis [14, 44]. Studies using nuclear magnetic resonance (NMR) are able 
to identify the residues involved in different secondary structure components [15, 
22, 45], and crystallite regions in spider dragline silk are found to be in two 
possible states, highly oriented or poorly oriented [45]. Utilizing Fourier transform 
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infrared spectroscopy (FTIR) and Raman spectroscopy, recent studies have 
provided us with further knowledge on the percentage of different secondary 
structure components in silks [46-48]. In addition, nano-silk fibrils, as revealed by 
small angle x-ray scattering (SAXS) and atomic force microscopy (AFM) [49-51], 
unveil the complexity of the hierarchical structure of silks in another level. 
These understandings, combined with simulation studies, have generated 
different molecular models for the hierarchical structure of silks.  In early 
semi-crystallite model, silks are considered as composite materials in which 
β-nano crystallites embed in the amorphous protein matrix [2, 45, 52], as shown in 
Fig. 1.4a. The crystallite regions consist of highly oriented β-nano crystallites and 
weakly oriented β-sheets. Different regions play different mechanical roles: The 
β-nano crystallites are thought to serve as molecule cross-links and provide silks 
great strength while the non-crystallite regions are responsible for their superb 
elasticity [5]. Simulation based on this model successfully reproduces the 
stress-strain curves consistent with experiment [52, 53]. In the “string of beads” 
model proposed by Porter et al, the molecular structure in silks is suggested to be 
a hairpin structure with about six peptides segments per fold (Fig. 1.4b), and how 
the changes in the degree of ordered phase in spider silk would affect its final 
mechanical properties can be predicted based on this model using the mean field 
theory for polymers [54, 55]. The above two models emphasize mainly the 
hierarchical structure of silks in the molecular scale. On the other hand, 




Figure 1.4 Different structural models for silks [41, 45, 54, 57]. (a). Semi-crystallite 
model for spider dragline silk. Highly oriented (rectangles) and weakly oriented 
(canted sheet-like structures) crystallite regions are embedded in the non-crystallite 
matrix (curved lines). (b). String of beads model for spider dragline silk. The 
molecular structure in silks for “string of beads” model is suggested to be a folded 
hairpin structure. (c). Fibrillar morphology of peeled B. mori silk as revealed by low 
voltage high resolution scanning electron microscopy. The diameter of the fibrils is 
around 90~170 nm. (d). Micellar structures observed in fractured surface of silkworm 
silk fiber. It is thought that fibrillar structure is formed by the coalescence of micelles 
during shear condition. Scale bar, 200 μm. 
silkworm silks [51, 56, 57]. The diameter of these nano-silk fibrils for silkworm 
silks are in the range of 90~170 nm (Fig. 1.4c), this value might be overestimated 
due to the sample processing since direct atomic force microscopy images reveal 
that the diameter of nano-silk fibrils is around 20~30 nm [5]. This fibrillar model 
explains the remarkable properties of silk fibers from another point of view: 
interaction between the nano-silk fibrils can efficiently dissipate energy and 
prevent crack propagation, thus enhancing the strength of silks [58]. Some studies 
proposed that nano-silk fibrils are formed from the coalescence and elongation of 
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micellar structures, which are commonly observed in both recombinant silk 
protein solution and fractured surface of silk fiber (Fig. 1.4d) [34, 41]. 
Nevertheless, Rigueiro et al found that only nano-globules rather than the 
nano-silk fibrils are the basic micro-structural building blocks for both spider silks 
and silkworm silks [59]. 
The complex and ingenious design in the hierarchical structures of silks leads to 
the remarkable properties of silks. The excellent combination of the mechanical 
strength and elasticity render silks, especially the spider dragline silks, outperform 
any of the best synthetic fibers available today (Fig. 1.5) [4]. Besides, some 
unique properties are found for the spider dragline silks, i.e. super-contraction [60], 
the torsional shape-memory effect [61], the high energy adsorbent with low 
impact force as well as the non-linear response to stress [5, 62]. The mechanical 
properties of silks can be tuned by adjusting the reeling conditions [3, 4, 63]. 
Faster reeling speed can increase their tensile strength but reduce their elasticity [3, 
63]. In addition, chemical modification, atomic layer deposition (ALD), is utilized 
by Lee et al. to infiltrate the zinc, titanium, or aluminum, combined with water 
into the spider dragline silks. This gives rise to 3 times increase of the strength and 
5-7 times increase of the toughness compared to the natural silks [64]. Some 
researchers have also studied the effect of temperature on the mechanical 
performances of the spider dragline silks and find out that decreasing the 
temperature influences the mechanical properties of silks in the similar way as 





Figure 1.5 Mechanical properties of silks [4]. (a) Typical stress-strain profile of spider 
dragline silk. The area under the curve shown indicates fiber toughness or the energy 
taken up by the material before breaking. (b) Comparison of B. mori silks drawn at 
different speeds with Nephila spider dragline silk. (c) Stress strain curves for major 
ampullate (MA) gland silk (red line) and viscid silk (blue line) from the spider A. 
diadematus. (d) Mechanical properties of the dragline silks from spider A. diadematus 
and other materials. 
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1.2.3. Artificial synthesis of silks 
The fascinating properties of spider silks have attracted much attention from the 
popular media. Nevertheless, the massive production of natural spider silks is 
limited due to the highly cannibalistic and territorial behavior of spiders [67]. 
Besides, the reeling/collection of certain type of spider silks, i.e. Fl silks, Ac silks, 
is of trouble and time-consuming. Therefore, bioengineering technology is utilized 
by researchers to produce recombinant spider silk [68-70]. Escherichia coli is a 
well-established host for scale production of most recombinant silk proteins. The 
basic strategy is to design the artificial gene encoding for each specific type of silk 
proteins using host-specific codons [10]. So far, recombinant spider dragline, 
flagelliform, eggcase and pyriform silk proteins have been successfully produced 
[71-76]. Mammalian Cells are also used to express the spider dragline genes [77]. 
However, due to the relatively smaller molecular weight (MW) of the recombinant 
proteins, most of the spun fibers from the recombinant silk proteins exhibited 
mechanical properties much worse than that of the natural counterparts. 
The above mentioned artificial spinning is usually referred as “wet spinning”, 
which is commonly carried out in a coagulation bath using various solvents like 
ethanol, methanol, isopropanol [72, 77-79]. Electro-spinning is another method 
for artificial production of silk fibers. The electro-spun silk fibers have various 
potential biomedical applications and can be used as scaffolds, vascular grafts, 
wound dressings [80-83]. In addition, synthetic polymers [84], carbon-nanotubes 
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[85, 86] can be added to the spinning protein solutions to enhance the properties 
of the electro-spun fibers. 
1.2.4. General applications of silks 
In the view of industry and commerce, B. mori silks have been used in the 
textile area for thousands of years. In ancient China, the silk fabrics are luxury 
products reserved for the Kings [87]. The luster and softness give extra 
smoothness and comfort to the clothes made of the silkworm silks. Although 
gradually decreasing due to the emergence of various synthetic fibers, the annual 
demand for silkworm cocoons still reaches 500 tons in 2010 [88]. In addition, the 
coating of the silkworm silk fibers, sericin, is widely used in the cosmetic area 
[89]. The environment friendly nature of silkworm silks will surely make the silk 
industry continue to be irreplaceable in the social economy in the future. 
Due to their biocompatibility and biodegradability, silk-based materials, in the 
forms of fibers, gels, films, particles or sponges, are also widely used for 
biomedical applications, i.e., fibers for sutures, gels and films for wound dressings 
and bond engineering, silk particles for drug delivery and sponges for tissue 
engineering [90-104]. 
Besides the biomedical applications, functionalization of silks and silk-based 
materials opens a new route for the applications of silks. Magnetic/nano particles, 
quantum dots, and fluorescent dyes can be incorporated to the silk fibers, either by 
chemical modification or direct diet feeding, to generate the magnetic/luminescent 
silks [105-108]. Also, flexible electronics and devices can be fabricated from the 
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silk system, which offer a new generation of devices with sensitivity and function 
that cannot be obtained with current materials [109-111]. In addition, inverse opal 
made from silk fibroin biomimicking the structure colour provides new 
opportunities for the textile and fashion industries [112]. 
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1.3. Motivations and Objectives 
Despite the research progresses obtained so far as discussed above, we are still 
far away from unveiling the secrets behind the amazing properties of silks. The 
way towards the successfully biomimicking the silks is still long awaited to be 
explored. The forming mechanism of the silk fibers, as discussed in section 1.2.1, 
is still poorly understood. Nano-silk fibrils, the basic forming unit observed in the 
silk fibers [5, 63], can also grow from silk protein solutions [113]. However, there 
have been few reports on their growing process and mechanism, and the structural 
connection between these two fibrils has not been established yet. On the other 
hand, although the structure and properties relationship of silks have been 
extensively studied (section 1.2.2), the correlation between the primary structures 
and the mechanical strength of β-nano crystallites as well as the fibers has not 
been established, and the selection criteria for the residues in artificial synthesis of 
silks remains to be built. In addition, the use of recombinant silk proteins with 
small MWs in present studies (section 1.2.3) often results in inferior mechanical 
strength of the synthetic fibers; an effective approach to synthesize silk proteins 
with large MWs is in urgent need. Besides, current researches mainly focus on the 
longitudinal mechanical response of the silk fibers; the mechanical responses of 
the silk fibers to torsion are rarely studied. A decent understanding on the 
mechanical responses of the silk fibers to torsion can open a new route for the 
applications of the silks. 
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Herein, the objectives of my Ph.D research project are to resolve the above 
issues through a systematic study. Firstly, the effect of the NR terminal domains 
on the growth of the silk fibrils and fibers will be studied. We try to monitor the 
growing process of the silk fibrils and investigate their possible formation 
mechanism. Then, a unique approach is developed and enables the probing of the 
mechanical responses of the β-nano crystallites as well as to correlate them with 
the primary structures of the silk proteins. In addition, a simple strategy to 
synthesize silk proteins with large MWs is developed and the mechanical 
performances of the corresponding synthetic fibers are explored. Finally, the 
mechanical performances of single silk fiber to twisting are also investigated by 










In this chapter, the experimental tools utilized in this work as well as their 
principles will be introduced. 
2.1. Circular dichroism (CD) 
CD spectroscopy is very useful to provide information on the secondary 
structure, the thermal stability as well as the structural stability of the proteins. 
The principle is that different secondary structures have different absorption to the 
left-handed polarized light and right-handed polarized light due to their different 
structural asymmetries. Therefore, by measuring the differences in the absorption 
of the left-handed polarized light versus the right-handed polarized light at 
different wavelength (usually the far-ultraviolet region (190-250 nm)), we can 
obtain spectra containing structural information corresponding to different 
secondary structures. And by comparing to the database of reference protein CD 
19 
 
spectra, deconvolution can be conducted to calculate the percentage of different 
secondary structures. In addition, since different secondary structures have distinct 
absorption peak in the CD spectra, CD can be used to monitor the structural 
changes of the proteins under the change of external stimuli, i.e., temperature, pH 
value, denaturant concentrations, providing useful information on their thermal, 
chemical and structural stabilities. The basic operating principle of CD is shown 
in Fig. 1 [114]. When the white unpolarized light passes through the 
monochromator and the linearly polarizer, the monochromatic linearly polarized 
light of a single wavelength is output and then passes through the photo-elastic 
modulator (PEM). The alternating PEM converts the linearly polarized light into 
the left-handed and right-handed circularly polarized light (LCP & RCP). CD 
active sample will then absorb LCP and RCP preferentially and the differences are 
recorded over different wavelength and output as the CD spectrum for analysis. 
 
Figure 2.1 Operating principle of circular dichorism [114]. 
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2.2. Fourier transform infrared spectroscopy (FTIR) 
FTIR is a technique which is applied to obtain the infrared spectrum about the 
molecular vibrational and rotational information. The principle is that when the 
bonds between atoms in the molecule stretch and bend, they will absorb the 
infrared energy and create the infrared spectrum. Since the bonds formed from 
different atoms have distinct vibration frequencies, the created infrared spectrum 
can therefore be seen as the fingerprint of the molecules and used for 
identification and analysis. Comparing to an obsolete dispersive spectrometer, an 
FTIR spectrometer is able to collect spectral data in a wider range and much 
shorter time. The basic configuration of FTIR is in Fig. 2.2 [115]. The core 
structure of FTIR spectrometer is the interferometer. The interferometer usually 
employs a beamsplitter to divide the incoming infrared beam into two optical 
beams: one reflects off a fixed flat mirror, while the other reflects off a moving 
mirror. The two beams are combined when they transfer back to the beamsplitter 
before passing through the samples. The two beams have different phase and will 
interfere with each other. Since the moving mirror keeps changing its position, the 
resulting combined beam (interferogram) has information of every infrared 
frequency which is directly corresponding to the position of the moving mirror. In 
this way, all the frequencies can be measured simultaneously and thus can greatly 
reduce the time for experiment compared to the dispersive spectrometer. Finally, 
the measured interferogram will undergo the Fast Fourier transformation (FFT) by 
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the computer to obtain the frequency spectrum which is used for later analysis and 
identification (Fig. 2.3) [115]. 
 
 
Figure 2.2 Schematic illustration of the FTIR spectrometer [115]. 
 
 
Figure 2.3 Fourier transformation of the interferograms to obtain the spectrum [115]. 
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2.3. Raman spectroscopy 
Similar to FTIR, Raman spectroscopy is also a technique to study the vibration 
and rotation of the molecular systems. The difference is: in Raman spectroscopy, 
the energy changes of the incoming phonon of the laser is caused by the scattering 
from the molecule systems; while in FTIR, the energy changes of the incoming 
infrared beam is caused by the molecule absorption. Therefore, Raman is referred 
as the scattering spectroscopy while FTIR is referred as the absorption 
spectroscopy. The typical experimental setup for Raman spectroscopy is shown in 
Fig. 2.4 [116]. A sample is illuminated with a laser beam. Light from the 
illuminated spot is collected with a lens and sent through a monochromator. 
Wavelengths close to the laser line due to elastic Rayleigh scattering are filtered 
out while the rest of the collected light is dispersed onto a detector and collected 
for later investigations. 
 
 
Figure 2.4 Schematic illustration of the Raman spectrometer [116]. 
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2.4. Wide angle X-ray diffraction (WAXD) 
WXRD is a common technique that is used to determine the crystalline 
structure and the crystallinity in biomarcromolecules or polymers. The crystalline 
phase in the biomarcromolecules or polymers has distinct Bragg peaks arising 
from the diffraction of the X-ray. By applying the Scherrer Equation as well as the 
curve-fitting process to the diffraction spectra, we can obtain the general structural 
information on the crystalline phase of the biomarcromolecules or polymers, i.e., 
the unit cell parameters, the crystalline size and the crystallinity and etc. 
The basic experimental setup for WAXD is shown in Fig. 2.5 [117]. The 
rotating anode generates the X-ray beam of a characteristic wavelength which 
passes through the biomarcromolecules or polymers, the crystalline phase can 
cause diffraction the X-ray beam and the resulted diffraction pattern is then 
recorded by the CCD (charge-coupled device) detector. 
 
Figure 2.5 General experimental setup of WAXD [117]. 
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2.5. Scanning electron microscope (SEM) 
SEM is a popular technique that is widely used in characterizing the surface 
morphology as well as the composition of the samples. The general experimental 
setup is shown in Fig. 2.6 [118]. The electron beam generated by a heated 
tungsten wire is accelerated by the high voltage to pass through the condenser lens 
before interacting with the samples. Different interaction between the electron 
beam and the sample can produce different signals, i.e., secondary electrons, 
backscattered electrons and characteristic X-rays.  These signals can provide 
different information about the samples. The secondary electrons can give 
information about the topography of the samples; the backscattered electrons can 
reveal the phase contrast in the samples while the characteristic X-rays can be 
used to for element analysis. 
 
Figure 2.6 Schematic illustration of scanning electron microscope (SEM) [118]. 
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2.6. Atomic force microscopy (AFM) 
AFM topography is a very powerful technique to characterize the surface 
morphology of the samples at atomic scale. The advantages of AFM lie in: easy 
preparation of the sample, high resolution, simple working conditions and so on. 
AFM can also be performed in the liquid environment, thus provide a suitable 
platform for the investigation of the biological samples mimicking the in-vivo 
environment. In addition, AFM force spectroscopy can be used to probe the 
mechanical responses of protein molecules. This can provide useful information 
on the structural role as well as the structural transition of the protein molecules 
under external force, therefore enabling the understanding of the mechanical role 
of the proteins in the life entity. The general experimental setup is shown in Fig. 
2.7 [119]. There are three major parts in the AFM: the scanning system, the 
feedback system and the detector system. The scanning system mainly comprises 
the AFM cantilever tip and the laser. The AFM cantilever tip is controlled to scan 
across the sample surface. Different surface topography and properties can lead to 
different force between the tip and the sample, and therefore the cantilever tip is 
deflected to different extent. This information will be tracked by the laser and 
recorded by the detector system. During the scanning process, usually the height 
or the force between the tip and the sample surface is maintained at a constant 
value, so the feedback system is needed to adjust the scanning system when the tip 
is deflected from the original set-point. This is achieved by the use of the 
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piezoelectric scanner, which can undergo mechanical deformation in response to 
the force and electricity, therefore maintaining the set-point height or force by 
adjusting the distance between the cantilever tip and the sample surface. In the 
AFM imaging, two primary modes are used: contact mode and tapping mode. In 
the contact mode, the cantilever tip is brought to physical contact with the sample; 
while in the tapping mode, the cantilever tip is oscillating the sample surface in 
certain frequency and amplitude. Usually, the tapping mode is more suitable for 
soft biological samples since the tip intermittently contacts with the sample 
surface and therefore maintains the integrity of the samples. In the force 
spectroscopy experiment, the molecules are firstly deposited onto certain substrate. 
Then the AFM cantilever tip approaches to contact with the substrate and retracts 
back from the surface. Occasionally, a single molecule is picked up and 
mechanically stretched between the tip and substrate. This gives rise to the 
force-extension curves containing information about the unfolding of the different 
structural components in the proteins. 
 
Figure 2.6 Schematic illustration of atomic force microscopy (AFM) [119]. 
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2.7. Mechanical test 
The mechanical test is carried on Instron Micro Tester: Model 5848 (Fig. 2.7a) 
and Model 5525X (Fig. 2.7b). The silk fibers are first fixed onto a paper frame 
using double sided tape. Then the paper frame is clamped onto the Micro Tester. 
The paper frame is cut off before the mechanical test. The force resolution is 0.5% 
of indicated load, the position resolution is 0.02 μm, and strain rate is 50% per 
minute. The whole tests were performed at 22 °C and the RH is 60%. 
 







Effect of Non-repetitive Terminal 




In this chapter, we will study the effect of the non-repetitive (NR) terminal 
domains on the growth of silk fibrils as well as the morphology of the final 
synthetic fibers. The NR terminal domains refer to the conserved NR 
amino-terminal and carboxy-terminal domains. They are of important role for the 
stable storage of silk proteins in the silk glands and the assembly process of silk 
proteins. The NR terminal domains are sensitive to the changes in the 
environment, i.e., compositions and concentrations of ions, shear conditions and 
temperature. Structural transitions of the NR terminal domains are usually 
initiated by such changes and therefore responsible for the control of the assembly 
process of the silk proteins. The correct assembly process is critical to achieve 
better mechanical properties of the final fibers. Therefore, it is necessary for us to 
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acquire a decent understanding on the effect of NR terminal domains on the 
formation of fibrils and fibers, so that we can utilize such effects to guide the 
artificial synthesis of silks. 
3.1. Introduction 
Silk proteins, like silkworm silk fibroins and spider silk fibroins, are generally 
comprised of repetitions of consecutive segments flanked by conserved NR 
terminal domains [18, 120, 121]. Different primary structure elements play 
different structural roles in the formation process of silk fibers. The repetitive 
segments are the major components of silk proteins and determine the solubility of 
silk proteins [122]. The length, the compositions and the architectures of the 
repetitive segments vary in different types of silk proteins and determine the final 
properties of the silk fibers [13, 121, 123, 124]. Detailed investigations about 
these factors will be discussed in the next chapter. The NR terminal domains are 
usually highly conserved in the same type of silk glands [125-128]. Although the 
NR terminal domains account for only a small fraction (usually less than 5%) of 
the silk proteins, they play important role in the formation of silk fibers. Before 
the silk fibers finally come out from the spigot, the silk proteins have to go 
through a long, corrugated tapering tubular duct [27, 33]. In this process, pH value, 
element compositions and shear conditions will change across the spinning duct 
[11, 25-33]. The response of the NR terminal domains to such changes initiates 
the assembly process and lead to the formation of final fibers. It has been shown 
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that the NR N-terminal domain of spider dragline silk proteins is sensitive to the 
change of pH: it can promote the assembly of spidroins at pH values of around 6.3 
but prohibit the aggregations at pH values of around 7, therefore regulating the 
formation of silk fibers by responding to the pH environment along the spinning 
duct [36]. Also, the NR C-terminal domain is found to act as a molecular switch to 
control the assembly process of dragline silk spidroins: it can stabilize the 
spidroins by promoting the formation of higher supermolecular assemblies 
between proteins during the storage, and trig the salting-out process of proteins as 
well as provide anchor points for the repetitive segments and induce their correct 
alignment during the fiber formation [34]. 
The mechanism of this controlled assembly lies in the molecular structure of the 
NR terminal domains. The structural changes of the NR terminal domains induced 
by environment stimuli are the origin to the assembly process. The effect of pH 
values, ion compositions and shear conditions on the assembly process has been 
widely investigated. Recently, the temperature induced fiber formation was also 
reported [74]. This provided an alternative yet more convenient way for artificial 
synthesis of silks since the control of temperature is much easier and the protein 
concentrations can be greatly reduced compared with traditional methods [42, 77]. 
However, there have been few reports on how the NR terminal domains will 
influence the structural transition temperature of the silk proteins. A detailed 
understanding on this influence can provide useful strategy for the design of smart 
and responsive materials based on silk proteins [129, 130]. In addition, although 
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silk fibrils are the basic units constructing the silk fibers [5, 51, 63, 131], the 
growth of silk fibrils from silk protein solutions remains to be unclear, and how 





3.2.1. Sample preparation 
The recombinant spider eggcase silk proteins are synthesized as described 
before [74]. Two types of repetitive domains, termed as RP1 & RP2, have been 
found in spider tubuliform spidroin 1 (Tusp1) [74, 132]. They have highly similar 
structures and share almost the same functions, but the RP1 is linked to the NR 
N-terminal domain while the RP2 is linked to the NR C-terminal domain. In our 
studies, five types of recombinant spider eggcase silk proteins are synthesized 
resembling the amino acid (AA) architecture of native spider (Nephila 
antipodiana) eggcase proteins. The first comprises of four tandem repeats of RP1 
(4RP); the second comprises of two tandem repeats of RP1, one repeat of RP2 and 
the NR C-terminal domain (3RPC); the third is similar to 3RPC, but the NR 
C-terminal domain is from the spider minor ampullate silk proteins other than the 
spider eggcase proteins (3RPCmi); the fourth comprises of the NR N-terminal 
domain and three tandem repeats of RP1 (N3RP); the fifth comprises the NR 
N-terminal domain, one RP1, one repeat of RP2 and the NR C-terminal domain 
(N2RPC). The recombinant spider eggcase silk protein solution was dissolved in 
DI water and the concentration for CD experiment was maintained at around 0.1 
mg/ml. For the AFM imaging, a small drop of the protein solution was deposited 
onto the APES treated mica and incubated for 5 mins; then the sample was 
washed with DI water and dried with a stream of nitrogen gas before the imaging. 
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The fibers were formed under shear force applied by platform shakersto the 
protein solutions in the falcon tube. 
3.2.2. CD 
Circular dichroism was used to monitor the structural changes of the 
recombinant spider eggcase silk protein solutions by recording the ellipticity at 
222 nm at a 5 °C interval when the temperature increased from 25 °C to 90 °C. 
The temperature was increased at a speed of 5 °C/min. The protein solution was 
incubated for 2 mins at each temperature before the CD spectra were acquired. 
The circular dichroism experiments were carried out in 2 mm quartz cells using 
Jasco J-810 circular dichroism spectropolarimeter. The parameters were as 
followed: measured spetra range: 190~250 nm; data pitch: 0.1 nm; bandwidth: 1 
nm; response time: 4 s; scanning speed: 50 nm/min. 
3.2.3. AFM imaging 
AFM imaging was carried on Veeco Dimension 3000 using tapping mode (1.0 
Hz) in air. Cantilevers for AFM imaging were bought from Veeco with a spring 
constant of 40 N/m. Images were analyzed with the Nanoscope software. Since 
the height of the background is close to zero, we therefore treat the height reading 




The fibers formed from the protein solutions were allowed to dry in the air 
before the FTIR experiment. FTIR spectra were collected using Nicolet 380 FTIR 
spectrometer at a resolution of 4 cm
-1
 averaging over 256 scans. 
 
3.3. Results and Dicussions 
3.3.1 Structural transition temperature of the proteins 
The original secondary structures of all the five types of native recombinant 
proteins were of α-helix, with two negative minima at around 209 nm and 222 nm 
(Fig. 3.1). This is consistent with previous study on the solution structure of spider 
eggcase proteins [74]. 
 
Figure 3.1 The secondary structures of all the five types of native proteins. 
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To investigate the effect of the NR terminal domains on the structural transition 
of the five types of native recombinant proteins, we monitored their thermal 
induced structural transitions with the CD spectropolarimeter. As can be seen 
from Fig. 3.2 a, 4RP was partially denatured when the temperature was increased 
to 90 °C in the first cycle: part of the initial α-helix structures changed to the 
random coils. The estimated transition temperature was around 80 °C (Fig. 3.2 b). 
This thermal unfolding process was almost fully reversible; when the temperature 
cooled down to the 25 °C, most of the denatured 4RP can refold back to the 
α-helix structure. Similar phenomenon was also reported for the silk proteins from 
the Asitic honeybee Apis cerana [133]. After several cycles of thermal treatment, 
the protein eventually transformed into the β-sheet conformations dominated 
structures, which is the typical secondary structure found in most of the silk fibers 





Figure 3.2 Thermal induced structural transition of 4RP. (a) CD spectra of 4RP 
collected when the temperature increases from 25~90 °C at an interval of 5 °C for the 
first cycle. (b) Change in normalized ellipticity of 4RP as a function of temperature. 
(c) CD spectra of 4RP at 25 °C after different cycles of thermal treatment. 
results indicates that 4RP is quite stable in the aqueous solution. Previous NMR 
study had revealed that 4RP had no larger protrusive hydrophobic patch on the 
surface; therefore the temperature induced denaturalization will expose the 
hydrophobic residues to the aqueous environment and results in a large increase in 
the free energy of the system. In addition, the native 4RP was in the monomer 
state and the interactions between the RP domains was relatively weak [74]. 
Therefore, even the hydrophobic residues were exposed; the denatured 4RP still 
had a larger tendency to refold back to its original structure. 
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When the NR C-terminus was introduced to the RP domains, 3RPC transformed 
from the initial α-helix structure to the β-sheet conformation during the first cycle 
(Fig. 3.3a). Also, the estimated transition temperature decreased to around 65 °C 
(Fig. 3.3b). Obviously, the presence of the NR C-terminus can reduce the energy 
needed for the structural transition. The NR C-terminus had a lower thermal 
 
 
Figure 3.3 Thermal induced structural transition of 3RPC. (a) CD spectra of 3RPC 
collected when the temperature increases from 25~90 °C at an interval of 5 °C for the 
first cycle. (b) Change in normalized ellipticity of 3RPC as a function of temperature. 
transition temperature compared to the RP domains, and oligomers can be formed 
through the hydrophobic interactions between the NR C-terminus [74]. Therefore, 
it is hypothesized that the structural transition may initiate in the NR C-terminus 
first, providing nucleation site for further transitions of the RP domains. Also, the 
formation of the oligomers can greatly enhance the interaction between the RP 
domains and thus accelerate the structural transition process. 
We then tried to introduce the NR C-terminus of the minor ampullate protein, 
which has much higher water solubility than that of the eggcase protein, to the RP 
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domains (3RPCmi). 3RPCmi also completed the structural transition to the β-sheet 
conformation in the first cycle (Fig. 3.4a). The estimated transition temperature 
was further decreased to around 59 °C (Fig. 3.4b). However, compared with 3RPC, 
the width of the thermal induced transition region for 3RPCmi is ~7 °C larger and 
 
 
Figure 3.4 Thermal induced structural transition of 3RPCmi. (a) CD spectra of 3RPCmi 
collected when the temperature increases from 25~90 °C at an interval of 5 °C for the 
first cycle. (b) Change in normalized ellipticity of 3RPCmi as a function of 
temperature. 
the slope is less steep, indicating a lower cooperativity in the structural transition 
[133]. Therefore, it is likely that the less compact structure of 3RPCmi results in 
the decrease in the thermal stability compared to 3RPC. 
  The effect of the NR N-terminus on the thermal stability of the eggcase proteins 
was similar to that of the NR C-terminus. N3RP also completed the 
transformation from the initial α-helix structure to the β-sheet conformation 
during the first cycle (Fig. 3.5a). However, the estimated transition temperature 
was around 73 °C (Fig. 3.5b), 8 °C higher than that of 3RPC but 7 °C lower than 
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that of 4RP. This can be explained by the thermal transition temperature of the NR 
N-terminus, which was also lower compared to that of the RP domains but higher 
than that of the NR C-terminus [74]. The decreased thermal stability of N3RP may 
also arise from the lower thermal stability of the NR N-terminus and the enhanced 
interactions between the RP domains as discussed before. 
 
 
Figure 3.5 Thermal induced structural transition of N3RP. (a) CD spectra of N3RP 
collected when the temperature increases from 25~90 °C at an interval of 5 °C for the 
first cycle. (b) Change in normalized ellipticity of N3RP as a function of temperature. 
When both the NR C-terminus and N-terminus was introduced to the RP 
domains, the transformation from the initial α-helix structure to the β-sheet 
conformation of N2RPC was also completed during the first cycle (Fig. 3.6a). The 
estimated transition temperature was around 63 °C (Fig. 3.6b), close to that of 
3RPC but ~ 4 °C higher than that of 3RPCmi. 
From the above analyses, the NR terminal domains played an important role in 
determining the thermal stability of the recombinant eggcase proteins by 
regulating the formation of higher order structures and protein interactions. By 
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introduction of the NR C-terminus with different properties, i.e., the 
hydrophobicity, the structural transition temperature can be readily adjusted. This 
provides a strategy for the design of temperature responsive materials or 
self-assembled biopolymers based on silk proteins [129, 130]. Also, for 
temperature induced fiber formation in artificial synthesis, using recombinant 
proteins with reduced transition temperature can be more energy-saving. 
 
Figure 3.6 Thermal induced structural transition of N2RPC. (a) CD spectra of N2RPC 
collected when the temperature increases from 25~90 °C at an interval of 5 °C for the 
first cycle. (b) Change in normalized ellipticity of N2RPC as a function of 
temperature. 
3.3.2   Morphology of the fibrils from different proteins 
  Nano-silk fibrils are the basic units that construct the silk fibers and have 
been observed in both spider silks and silkworm silks [51, 56, 57]. The diameter 
of these nano-silk fibrils is around 20~30 nm as revealed from direct atomic force 
microscopy [5]. It is reported that the interlocking of the nano-silk fibrils can 
efficiently dissipate energy and prevent crack propagation, leading to better 
strength of the silk fibers [58]. Therefore, a detailed understanding on their 
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formation mechanism as well as the role of the NR terminal domains in the 
formation process can generate useful insight for the design and synthesis of 
artificial silks. Some studies proposed that nano-silk fibrils in silk fiber were 
formed from the coalescence and elongation of micellar structures, which are 
commonly observed in both recombinant silk protein solutions and fractured 
surface of silk fibers [34, 41]. However, it is difficult to mimic the in-vivo 
condition since the protein is highly concentrated in the silk gland [30, 134], the 
details regarding the aggregation behavior and the growth of these fibrils are still 
unclear. Nevertheless, the nano-silk fibrils observed in the silk fibers share similar 
structural characteristics as the nano-fibrils grown from silk protein solutions 
(details can be found in the next chapter). Herein, we can probe the formation 
mechanism as well as the aggregation behavior through studying the nano-silk 
fibrils formed from the diluted protein solution to get practical insights. 
The general morphology of the silk fibrils grown from the 4RP protein solution 






   
 







formed into the fibrillar network. Besides the silk fibrils, there were also some 
globular aggregates found on the surface. By a close look into the fibrillar network, 
we found out that it comprised four types of fibrils distinguished by different 
heights (Fig. 3.8). The heights of the four types of silk fibrils were 0.9~1.5 nm, 
2~2.7 nm, 3.4~4 nm and 4.1~4.9 nm respectively. In addition, the globular 
aggregates with similar height corresponding to the four types of fibrils were also 
found (Fig. 3.9). This indicated that the fibrils were likely grown from the 
longitudinal association of such globular aggregates. This was further confirmed 
by the observation of the aggregation of two globular aggregates with different 
heights (Fig 3.9). The preferred one dimensional longitudinal association of the 
globular aggregates may likely arise from the electrostatic repulsion [135]. After 
the initial aggregates were formed, the later associated globular unit will suffer 
from stronger electrostatic repulsion force when approaching to the initial 
aggregates/fibrils from other directions other than from the longitudinal direction. 
Other important information, such as the fibril thinning phenomenon and the 
existence of proto-fibrils, were also observed in our experiment (Fig. 3.11). 
The observation of the aggregation behavior of the 4RP proteins provided a 
clear view on the possible formation mechanism of the silk proteins. The 
formation process probably included the initial nucleus (the globular aggregates) 
formation and transition from the intermediate state (the protofibrils) to the final 
mature fibrils. Similar forming mechanism had been reported previous for the 




Figure 3.8 The four types of fibrils found in the 4RP fibrillar network. (a) The fibril of 
height 0.9~1.5 nm. (b) The fibril of height 2~2.7 nm. (c) The fibril of height 3.4~4 nm. 





Figure 3.9 The globular aggregates corresponding to the four types of fibrils found in 
the 4RP fibrillar network. (a) The globular aggregates of height ~1 nm. (b) The 
globular aggregates of height 2.8 nm. (c) The globular aggregates of height ~3.8 nm. 




Figure 3.10 The observed aggregation of the globular aggregates with different 
heights. 
 




proteins may also belong to the amyloid systems [139, 140]. This explained the 
similarity in their forming mechanism. Nevertheless, the helical twisted pattern 
commonly observed in the morphology of the amyloid fibrils [141] was missed in 
the 4RP fibrils. The underlying mechanism is remained to be explored. 
 
    
    
Figure 3.12 General morphology of the fibrils grown from the 3RPC protein 
solutions. 
The general morphology of the fibrils grown from the 3RPC protein solutions is 
shown in Fig. 3.12. Large aggregation centers, which were rarely seen in the 
fibrillar network of 4RP, were readily found in that of 3RPC. The larger 
aggregation centers connected several fibrils together to form a smaller fibrillar 
network domain. These larger aggregation centers indicated that the presence of 
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the NR C-terminus leads to a larger tendency in protein aggregation, in agreement 
with the lower structural transition temperature as discussed previously for 3RPC 
compared to 4RP. The fibrils in 3RPC were also comprised of four types of fibrils 
with different heights, similar to that of the 4RP. This indicated that the forming 
mechanism is likely similar for these two types of proteins. 
The general morphology of the fibrils grown from the 3RPCmi protein solutions 
is shown in Fig. 3.13. The fibrillar network of 3RPCmi is similar as that of 3RPC; 
larger aggregation centers were also found as the joints of different fibrils. 
Together with the above analysis, the main role of the NR C-terminus in the fibril  
 
     
 




formation probably lies in reducing the energy that is needed for the structural 
transition of the proteins. The reduced energy barrier renders the NR C-terminus 
more susceptible to the changes in the environmental stimuli, i.e., the salt 
conditions and the shear force, therefore acting as the switch controlling the 
formation of the fibrils. This is in consistence with the previous finding on the role 
of the NR C-terminus in the self-assembly process of spider dragline silk proteins 
[34]. In addition, as shown from the larger aggregation centers in the fibrillar 
network, the NR C-terminus can lead to increased interactions between the protein 
molecules. This can be of importance in the fiber formation as discussed later. 
  The general morphology of the fibrils grown from the N3RP protein solutions 
is shown in Fig. 3.14. Larger aggregates were also found in the fibrillar network 
     
 
Figure 3.14 General morphology of the fibrils grown from N3RP protein solutions. 
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of N3RP. Nevertheless, slightly different from the large aggregates in 3RPC and 
3RPCmi, those in N3RP seemed to be isolated rather than connecting with the 
fibrils. In addition, the morphology of the individual fibril of N3RP seemed to be 
more irregular compared to that of 4RP, 3RPC and 3RPCmi, with a more evident 
fluctuation in the height along the fibril axis. 
Different aggregation behavior was found for the N2RPC protein. Even though 
the CD spectra had indicated that the structural transition to the β-conformations 
had already completed, only globular aggregates or short proto-fibrils were found 
in the AFM images (Fig. 3.15), even for the protein solution for around one-month 
after the temperature treatment. Further experiment will be conducted to verify the 
results. 
 
     
Figure 3.15 General morphology of the globular aggregates and proto-fibrils grown 




3.3.3 Morphology of the fibers from different proteins 
  We then try to investigate how the NR terminal domains will affect the 
morphology of the synthetic fibers. As can be seen from Fig. 3.16, regular fibers 
can be formed for all the five proteins under shear force. This is different from 
previous findings for the spider dragline silk protein, which indicated that regular 
fibers can only be formed with from silk proteins the NR C-terminus [34, 142]. In 
addition, it seems that the packing of the fibrils in the synthetic fibers formed from 
the proteins with the NR C-terminus (Fig. 3.16 b, c, e) is better that without the 
NR C-terminus (Fig. 3.16 a, d), indicating that the NR C-terminus can enhance the 
interaction between protein molecules. The packing of the N2RPC fibers is the 
best among the five types of synthetic fibers, demonstrating that the interactions 
between the NR C-terminus and NR N-terminus may also be crucial for the 




       
Figure 3.16 General morphology of the synthetic fibers from different proteins. (a) 
Fibers of 4RP. (b) Fibers of 3RPC. (c) Fibers of 3RPCmi. (d) Fibers of N3RP. (e) 





The effect of the NR terminal domains on the protein stability, the fibril 
formation as well as the fiber formation has been studied systematically. It is 
found that both the NR C-terminus and N-terminus can effectively reduce the 
structural transition temperature of the proteins. The role of the NR terminal 
domains in the fibril formation is likely to reduce the energy barrier that needed 
for the structural transition. In this way, the NR terminal domains can readily 
response to the changes in the environmental stimuli, therefore controlling the 
fibril formation. Also, the observation of the silk fibril growing process indicates 
that the formation process of silk fibrils probably includes the initial nucleus (the 
globular aggregates) formation and transition from the intermediate state (the 
protofibrils) to the final mature fibrils. In addition, the NR C-terminus is found to 
be able to enhance the interaction between the protein molecules, leading to more 
compacted and organized synthetic fibers. Also, the interactions between the NR 
C-terminus and the NR N-terminus may further increase the packing of silk fibrils 






Chapter 4  
 





As discussed in the last chapter, the NR terminal domains are of important role 
in controlling the forming process of the silk fibers, while the RP domains 
determine the mechanical strength of the silk fibers. The RP domains comprise 
residues that form into different secondary structures, i.e. β-sheets, α-helices and 
random coils. Since the β-nano crystallites are the main force bearing units in the 
silk fibers, the selection of the β-sheet forming resides (BSFR) is very essential to 
the mechanical performances of the final fibers. In this chapter, we will 
investigate the mechanical features of the β-nano crystallites and correlate them 
with the primary structures of two types of proteins: the Bombyx mori silk protein 
and the recombinant Nephila antipodiana spider eggcase protein. We will develop 
a unique and systematic approach which is based on the combination of molecular 
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force spectroscopy and computer simulations, together with and some traditional 
characterization techniques. The application of this systematical approach enables 
us to acquire the most comprehensive structural model for the fibrils grown from 
these two types of proteins. Also, the most probable unfolding pathways for the 
cleavage of β-nano crystallites are obtained. It follows then that the β-sheet 
forming residues can be predicted from the amino acid sequences of silks and 
correlated to the strength of β-nano crystallites and the mechanical performances 
of fibers. This enables the identification of the ideal parameters for synthetic silks, 
i.e., the length of β-sheet forming residues, to acquire the optimum mechanical 
properties. 
4.1. Introduction 
Animal silks, in particular spider dragline silks, outperform most synthetic 
fibers available today [3, 4, 43]. This can be ascribed to their hierarchical network 
structures, which consist of a right proportion of stiff β-nano crystallites and 
non-stiff amorphous chains [55], leading to the good combination of great strength 
and superb elasticity [5, 52, 53, 63, 143]. The β-nano crystallites, self-assembled 
through hydrophobic and hydrogen bond (H-bond) interactions, construct the 
molecular cross-links in the network structure of silks [5, 143]. The β-nano 
crystallite cross-links provide robust mechanical support for the molecular 
network by acting as strong anchors and enable substantial stretching of 
amorphous chains [143]. Eventually, the massive breakage of β-nano crystallites 
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results in the failure of the silks [5, 143]. Thus, a descent understanding on the 
hierarchical structures of silks and the strength/breaking of β-nano crystallites is a 
critical step towards any attempt in the biomimcking of the silks.  
It follows from the latest results that spider and silkworm silk fibers are 
comprised of a bundle of nano-silk fibrils which have a semi-crystallite network 
structure formed by β-nano crystallites and amorphous matrices [5, 48, 51-53, 63, 
131, 143-146]. Fig. 4.1a illustrates a structural model of silkworm silks based on 
the latest experimental results [5, 51, 131]. These silk fibers are similar in many 
aspects of structures [48]. However, some variations in the molecular structures, 
i.e. the protein sequences and the amino acid (AA) architectures of the residues 
forming the β-nano crystallites, can result in drastically different mechanical 
performances [48]. B. mori silk and N. antipodiana spider eggcase silk can be 
considered as one of the examples (Fig. 4.1b,c). In this sense, the correlation 
between the molecular structures and the unfolding/strength of β-nano crystallites 
at the molecular level needs to be first established, so that we can take a key step 
towards biomimicking of silks by exploring the connection between the molecular 
structures and the strength of final silk fibers. Nevertheless, the hierarchical 
structure at the molecular level and the detailed insights of the essential 
connections have not been disclosed clearly yet. Importantly, an effective 
approach to correlate the molecular structures with the unfolding/strength of 






Figure. 4.1 The hierarchical structure of silkworm silk and typical stress-strain curves 
of B. mori silkworm silk and spider N. antipodiana eggcase silk. (a). Silkworm silk is 
composed of a bundle of silk fibrils which employ a semi-crystallite network structure 
[5]. The diameter of the nano silk fibrils is usually ~30 nm, as shown in the AFM 
image of silkworm silk (upper part of left panel); scale bar, 200 nm. Each silk fibril 
has a segmented feature and comprises of stiff β-nano crystallites and stretchy 
amorphous regions. (b) Typical stress-strain curves of B. mori silkworm silk and 
spider N. antipodiana eggcase silk. The yielding points, after which β-nano 
crystallites start to break massively [5, 53], are shown at small letters a and b. The 
yielding strength of silkworm silk (179 MPa) is ~0.57 times stronger than that of 
spider eggcase silk (114MPa). (c) The possible β-sheet forming residues of B. mori 
silk protein and N. antipodiana spider eggcase silk protein are in red colour based on 
the results from our MC simulations. 
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Force spectroscopy is a useful tool in establishing the correlation between the 
molecular structures of proteins and their mechanical features to some extent 
[147]. Atomic force microscopy (AFM) force mode was also used to investigate 
the unfolding of B. mori silk proteins [113, 148] and fibrils of recombinant spider 
dragline silk proteins [149] before. Nevertheless, only limited structural 
information on the unfolding of the silk protein molecules and a simple structural 
model had been acquired. The aforementioned knowledge and the connection 
between the force spectroscopy and the hierarchical structures obtained from other 
characterization techniques have not been obtained. On the other hand, molecular 
dynamic simulations were applied to examine how the length of β-sheet forming 
residues (BSFR) can influence the strength of β-nano crystallites [150, 151]. 
Nevertheless, both the primary structures of silk proteins and the experimental 
environment were greatly simplified in the simulations, leading to incomplete 
perspectives. Therefore, a better approach needs to be identified in order to 
acquire a comprehensive understanding on the hierarchical structure of silk fibers 
and its correlation to the mechanical properties from the molecular to the nano 
scales. 
In this chapter, we developed a unique approach to examine the network 
structures of silks, in particular, the connection between the primary structures and 
the unfolding/strength of β-nano crystallites at the molecular level. The key step in 
this approach was based on AFM force mode to provide the basic 
structure/strength information and the unfolding pathways of given silk fibrils. 
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The results were combined with Monte-Carlo (MC) simulations to correlate the 
BSFR to the primary structure of silk proteins and the mechanical features. 
Moreover, SEM, AFM topography, XRD and FTIR, were adopted to achieve an 





4.2.1 Sample preparation 
Silk fibroin solution was obtained by dissolving the middle division of the gland 
of the 5th instar B. mori silkworm in the deionized water (DI) after the sericin was 
completely washed away. Obtained stock solution was diluted to 0.1 mg/ml and 
kept in tube at room temperature until the final silkworm silk fibrils were fully 
formed (mature NSSFS solution). The whole process usually took around 1~2 
weeks. Recombinant spider eggcase protein was synthesized resembling the 
sequences of the type 1 repetitive domains of the tubuliform spidroin from golden 
web spider, N. antipodiana following the previous procedure [74]. The 
synthesized protein comprises of four tandem repeats and the sequences of each 
repeats were shown in Fig. 4.1c. The structural transition into β-sheet for the 
recombinant spider eggcase silk peptides occurred at around 75 degree [74], so the 
recombinant spider eggcase silk solution (0.1 mg/ml) was incubated at 90 degree 
and circular dichroism was used to monitor the structural changes of the protein 
solution to ensure that the transition was completed and the final recombinant 
spider eggcase silk fibrils fully formed. 
After the silk fibrils fully formed, a small drop of the silk protein solution was 
deposited onto the 3-aminopropyl triethoxysilane (APES) treated mica. The 
sample was first washed with the DI water and was then dried with a stream of 
nitrogen gas before the AFM imaging or AFM force spectroscopy experiment. 
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The sponge samples for XRD were prepared by freeze drying. The fibril 
solution was first frozen with liquid nitrogen and then lyophilized at -80 degree 
for three days using a Labconco FreeZone 2.5 plus drier. 
The powder samples of B. mori silk fibers for XRD were prepared followed the 
procedure as described before [152]. 
The alignment of the NSSFS was achieved by placing a droplet of fibril solution 
between the wax ends of two glass capillaries and allowing it to dry at room 
temperature. The procedure was repeated until the aligned NSSFS sample reached 
a diameter of ~2mm later XRD experiment. Shear force was applied on the silk 
fibroin solution through circular agitation until white flocs emerged. The white 
flocs were collected and aligned for later characterization by XRD. 
4.2.2 Mechanical tests 
Instron Micro Tester (Model 5848) was used to measure the mechanical 
properties of silks. The force resolution is 0.5% of indicated load, the position 
resolution is 0.02 μm, and strain rate is 50% per minute. The whole tests were 
performed at 22 °C and the RH is 60%. 
4.2.3  XRD 
Diffraction data was collected using Rigaku FR-E High Brilliance X-Ray 
Generator with Cu-Kα radiation (k=0.15418 nm). The sample-detector distance 





FTIR spectra were collected using Nicolet 380 FTIR spectrometer at a 
resolution of 4 cm-1 averaging over 256 scans. 
4.2.5 AFM imaging and force spectroscopy experiment 
AFM imaging in air was carried on Veeco Dimension 3000 using tapping mode. 
Cantilevers for AFM imaging were bought from Veeco with a spring constant of 
40 N/m. AFM force spectroscopy was conducted in a 10 mM Cacl2 solution on 
JPK Nanowizard II, while the silicon nitride cantilevers with a spring constant of 
~23 pN/nm was bought from Applied NanoStructures Inc. In the force 
spectroscopy experiment, imaging was first conducted to locate the position of the 
fibrils. Then the AFM tip approached the fibril surface at a velocity of 600 nm/s, 
and was pressed against the fibril with a force of 450 pN for 1 second before 
retraction from the surface with the same speed. Occasionally, a single molecule 
of the silk protein was mechanically stretched between the tip and substrate. The 
force-extension curves were recorded. 
4.2.6 Data analysis 
All the AFM images were processed in the Nanoscope software or WSxM, free 
software provided by Nanotec Electronica. The force spectra were processed with 
home-written codes in Labview. The force vs. extension trajectories were fit by 
the Worm-Like-Chain model [153, 154], with a persistence length of 0.4 nm and 
an adjustable contour length. For each unfolding event, the contour length change, 
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ΔL, and unfolding peak force, F, was recorded. The total events number was 766 
for NSSFS and 629 for RNSESFS. Also, a two-dimensional (2D) probability 
distribution was deduced from the experimental results via a previous method 
[155]. Since each pair of ΔL and force corresponds to a 2D delta function on ΔL-F 
plane, a 2D distribution was generated by expanding these 2D delta functions into 
2D-Gaussian wave packages and then normalized by the total events number in 
order to calculate the probability density at each pixel. The X- and Y-axis refer to 
unfolding force F and ΔL, respectively, while the probability density is indicated 
by colors. 
4.2.7 Monte-Carlo simulations  
The simulation is performed on home-written codes in Labview. There are two 
main independent steps in the MC simulations: the first step is to simulate the 
probability of all the possible BSFR folding into β-sheets; while the second step is 
to simulate the probability of all the folded β-sheets from the first part unfolding 
by external force. 
Therefore in the simulation, all the possible BSFR are first considered to have a 
formation probability (P1) to fold into the final β-conformations, then the folded 
β-sheets are all consider to have an unfolding probability (P2) to being unfolded 
when subjected from external force. Both formation probability and unfolding 
probability are correlated with the length of the BSFR. Since in the molecular 
scale, the distributions of all states are stochastic and can be described by 
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Boltzmann distribution. According to the Boltzmann distribution and from the 
view of energy, P1 and P2 can then be calculated by equations below: 
P1= 1 - a*exp(-x/L1)      (1) 
P2 = b*exp(-x/L2)         (2) 
Here, x represents the number of AAs in the particular BSFR; a & b are the 
prefactors to adjust the probability distribution since different proteins have 
different AA architecture in their the BSFR; this guarantees the application of our 
approach to different systems; L1 & L2 are two parameters that determine the 
exponential profile of P1 & P2 respectively. The value of L1 can be treated as the 
critical formation length exceeding which the protein acquires relatively stable 
folding capability into β-conformations, while the value of L2 can be treated as the 
critical stabilization length exceeding which the β-conformations acquire 
relatively stable mechanical strength. The factors a and L1 are determined by the 
content of β-conformations in the fibril samples as calculated from FTIR, and the 
factors b and L2 are obtained from the best fit of the simulation results to the 
experimental results. For NSSFS, a = 0.3 and b = 0.16; and for RNSESFS, a = 0.6, 
b = 0.69. For NSSFS, L1= 6, L2 = 18; and for RNSESFS, L1 = 8, L2 = 36. For the 
first step each possible BSFR is treated as independent with a formation 
probability P1. Initially for each BSFR a random number between 0 and 1 is 
generated, and if the generated random number is larger than the formation 
probability P1, the particular BSFR is considered as unable to form into final 
β-sheet and will be classified into the linker; if the generated random number is 
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smaller than the formation probability P1, the particular BSFR is classified into 
final β-sheet domains. Then in the second step each defined BSFR and its 
neighboring linker in the sequence from previous step is considered as a 
sub-domain and treated as independent with an unfolding probability P2. In a 
virtual unfolding event, a random number between 0 and 1 is generated for each 
sub-domain. If the generated random number is smaller than the unfolding 
probability P2, the particular sub-domain is considered to be unfolded; when the 
generated random number is larger than the unfolding probability P2, the 
particular sub-domain is considered to remain in the folded state. In a single 
unfolding event, the non-neighboring unfolded sub-domain is output individually 
for future statistical analysis, while the neighboring unfolded sub-domains are 
added up as one and then output for future statistical analysis. The complete flow 




Figure. 4.2 Flow chart of the MC simulation 
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4.3. Results and Dicussions 
4.3.1 The hierarchical structure of silkworm silks: from 
fibers to molecular architectures 
The most recent results indicate both spider and silkworm silks are composed of 
nano-silk fibrils of a diameter of ~30 nm [5, 63]. Such a structure for silkworm 
silks can be obtained by AFM and SEM after freeze drying (Fig. 4.3a and inset). 
Nevertheless, the detailed structure of the nano-silk fibrils is to be addressed. We 
notice that silk fibroin acquired from the silkworm glands can be readily dissolved 
in water, and nano-silk fibrils similar to those observed in silk fibers can be easily 
obtained (Fig. 4.3a,b). To compare the structures of silk fibers and the nano 
silkworm silk fibrils obtained from the solutions (NSSFS), combined XRD and 
FTIR analyses [5] on NSSFS and powder samples of B. mori silks were performed. 
As indicated from Fig. 4.3c, the XRD and FTIR spectra of the two samples can be 
superimposed well, suggesting that the unit cell parameters, the crystallinity and 
the secondary structures are almost the same for NSSFS and the fibrils in B. mori 
silks. Following previous procedure [5], the crystallinity, the total content of 
β-conformations and the crystal size of these two fibrils were calculated and given 
in Fig. 4.3c. We also notice that the manner to prepare NSSFS can lead to 
different chain packing orientations of the β-nano crystallites. As indicated from 
the XRD patterns (Fig. 4.3d), the β-nano crystallites can be selectively tuned to  
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Figure 4.3 Morphology and structure of silkworm silk fibers and silkworm silk fibrils. 
(a) Nano-silk fibrils observed in silkworm silks by AFM. The diameter of the 
nano-silk fibrils is ~30 nm; scale bar, 200 nm. Inset in (a) is the SEM image of the 
nano-silk fibrils in the freeze-dried silkworm silks; scale bar, 100 nm. (b) AFM image 
of NSSFS. The width of the nano-silk fibrils is ~30 nm. Scale bar, 200 nm. (c) XRD 
and FTIR spectra of NSSFS and powder samples of silk fibrils in silkworm silk fibers. 
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The crystallite dimension is 3.9 nm, 2.3 nm, 11.6 nm along the hydrogen bond 
direction, intersheet direction and chain axis direction respectively. (d) The chain 
packing orientation of β-nano crystallites with respect to the fibril long axis can be 
selectively tuned to fold into either parallel β-sheet or cross β-sheet arrangement by 
shear force, as shown from the XRD patterns. 
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fold into either parallel β-sheet or cross β-sheet arrangement by shear force [156]. 
The chain arrangement of NSSFS acquired with shear is identical to that in silk 
fibers. In this sense, NSSFS and the fibrils in B. mori silks share similar structural 
characteristics. This is critical because single fibril is difficult to be isolated from 
B. mori silk fibers; the structural similarities enable us to investigate individual 
fibril in NSSFS to obtain detailed molecular structures for silk fibers. 
Force vs. extension trajectories of NSSFS exhibited typical saw-tooth patterns, 
indicating unfolding of certain structural domains (Fig 4.4 a,b). 94% of the 
force-extension trajectories showed sequential unfolding events of random peak 
forces with no clear trend in series. This is similar to pulling trans-membrane 
proteins, where the restriction from the highly anisotropic lipid membrane results 
in the sequential unfolding behavior [157]. In the case of NSSFS, the strong 
confinement also exists in the β-nano crystallites and the network system due to 
the H-bond and hydrophobic interactions [158]. Thus, one possible unfolding 
pathway for the cleavage of β-nano crystallites is that single or several β-strands 
unfold sequentially from the β-nano crystallites in the spatial order (Fig. 4.4a). A 
similar conclusion has also been reported for the unfolding of recombinant spider 
dragline silk fibrils [149]. 
The rest 6% force-extension trajectories were distinguished by a characteristic 
pattern: a large unfolding force peak followed by a series of events showing a 






Figure. 4.4 Representative force vs. extension trajectories and scheme of the two 
possible unfolding pathways for the cleavage of the β-nano crystallites of NSSFS. (a). 
β-strands unfold from the β-nano crystallites in the sequential order. 94% of the 
trajectories (378 in 390) sequential unfolding events of random peak forces with no 
clear trend. (b). Part of or an entire β-sheet plate is pulled out from the β-nano 
crystallites and then β-strands inside unfold according to their strength. Around 6% of 
the unfolding curves (22 in 390) have this kind of distinct pattern. The numbers 
represent one of the possible orders upon breaking. 
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independently unfolding of domains from the weakest to the strongest, similar to 
the upward trend in unfolding forces found when poly-proteins like titin 
immunoglobulin domains were stretched [153]. Therefore, such patterns indicate a 
different pathway where the segments unfold in the order of their mechanical 
strength without the confinement from β-nano crystallites. Likely, a β-sheet plate 
peeled off from the β-nano crystallites should be the case, as also supported by the 
much higher force required (force peak 1 in the trajectory, Fig. 4.4b). To peel off a 
β-sheet plate from the crystallite, large the hydrophobic interfaces need to be 
broken, a higher breaking force is expected. This unfolding pathway identifies the 
important role of the strong interaction between the β-sheet plates in stabilizing 
the whole β-nano crystallites, therefore enables the substantially sacrificial 
breakage of H-bonds and contributes to the toughness of the silks [159]. 
From our statistical results, the average force to separate the β-sheet plate from 
β-nano crystallites (Fseperate: 250±95 pN) is ~1.8 times of the average force to 
unfold one or a few β-strands from their neighbor (Funfold: 138±70 pN, Fig. 4.5c). 
The theoretical ratio of Fseperate/Funfold can be roughly estimated based on available 
results. The crystallite dimension along the H-bond direction is ~3.9 nm (Fig 4.3 
c), meaning that a single β-sheet plate contains ~8 β-strands. For the AA pairs in 
fibril systems, the H-bond interaction is ~1.4 times stronger than the hydrophobic 
interaction [160]. We can reasonably treat that H-bonds are formed for all the AA 
pairs between β-strands since the (GAGAGS)n blocks (G: glycine, A: alanine, S: 
serine) (n ≤ 11) are generally considered to be the main β-sheet forming residues 
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(BSFR) [13-15]. Therefore, theoretically, the ratio of Fseperate/Funfold can be 
estimated as shown in equation (3): 
 
   
   
number of H-bonds per -strand number of -strands per -sheet 8
3.3












This indicates that a higher force is needed to peel off a β-sheet plate from the 
crystallite. Two facts may explain the discrepancy between the experimental and 
theoretical results. First, the number of force peaks in the upward series is always 
smaller than the estimated number (8) of β-strands in a single β-sheet plate, 
indicating that possibly only a part other than an entire β-sheet plate was pulled 
out from the crystallites in practice. Second, other individual existing weak 
interactions can break first to release the force on the system and it is less likely to 
peel off a β-sheet plate with stronger hydrophobic interactions. This may lead to a 
low possibility in detecting higher rupture forces. Therefore, in both cases, the 
estimated Fseperate was overvalued.  
Since the 12 hydrophobic domains are generally thought to be the possible 
crystallite regions and the (GAGAGS)n blocks are the possible BSFR [13-15], the 
linker length between β-nano crystallites can be calculated to be ~18 nm 
(47-residue) according to the sequences [13]. Therefore, when the β-sheet plate is 
peeled off from β-nano crystallites, the theoretical contour length is ~30 nm 
considering the physical size of the β-sheet plate (~12 nm, Fig. 4.3c). This is close 
to the average contour length at the highest force peak (28.5±8.7 nm) from our 
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experiments. In addition, the separating of the β-sheet plate likely comprised other 
lower-force events, i.e., the unfolding of individual β-strand from the β-nano 
crystallite or the unfolding of other structural domains outside the β-nano 
crystallite. This leads to the broad distribution of the contour length without 
introducing additional force peaks. It also demonstrates that β-nano crystallites do 
serve as the junction to connect different molecules together to form the final 
semi-crystallite network of silk fibrils. 
4.3.2   Identification of the BSFR for NSSFS 
  As discussed previously, the force peaks in force-extension trajectories were 
mainly from the unfolding of the β-components. Based on the silk fibroin 
sequences, the structural models on which residues are the BSFR was proposed 
first for MC simulations. At the molecular level, all transitions/reactions were 
stochastic and the probability of each state involved can be described by 
Boltzmann distribution. The free energy of the β-components should be 
proportional to the number of consecutive residues in the BSFR, so we defined the 
formation probability function and the unfolding probability function, in relation 
to the critical formation length (L1) and the critical stabilization length (L2) 
respectively, to simulate the stochastic unfolding events (see Methods for details). 
In the simulations, the increments in the contour length included the unfolded 
BSFR and the linked amorphous chain. In this way, the distributions of contour 
length changes can be generated by the MC simulations based on the structural 




Figure. 4.5 Statistical results from the force spectroscopy of NSSFS & RNSESFS. (a) 
Comparison of the contour length between experimental results and the MC 
simulations outcomes for NSSFS. The average contour length is 16.7±11.4 nm. (b). 
Comparison of the contour length between experimental results and the MC 
simulation outcomes for RNSESFS. The average contour length is 16.9±12.4 nm. (c) 
Comparison of the unfolding force for NSSFS and RNSESFS. NSSFS have a larger 
average unfolding force (138±70 pN) compared with RNSESFS (122±54 pN). (d~e) 
Two dimensional contour plots showing the differences in the unfolding force 
between NSSFS and RNSESFS. Three major areas (red contour line) can be found for 
NSSFS: area 1 with unfolding force 60~106 pN over contour length 5~20 nm; area 2 
with unfolding force 111~130 pN over contour length 5~15 nm; area 3 with unfolding 
force 140~153 pN over contour length 5~12 nm; while only one major area (red 
contour line) is found for RNSESFS with unfolding force 60~106 pN over contour 




 of the silk fibrils. 
In the case of NSSFS, (GAGAGS)n (n ≤ 11) blocks were considered as the 
possible BSFR and others as the amorphous linkers in the MC simulations [13-15]. 
As shown in Fig. 4.4a the distribution of the contour lengths from the MC 
simulations was in good agreement with the experimental results, validating that 
(GAGAGS)n blocks do serve as the BSFR. The two characteristic lengths L1 and 
L2 were equal to 6 and 18 respectively from the best fit of the MC simulations to 
the experimental results. The critical formation length (6 amino acids (AAs)) in 
the BSFR was close to the previous study based on molecular dynamic 
simulations on the secondary structure of spider dragline silk [151]. The critical 
stabilization length (18 AAs) was smaller than the average size of the β-nano 
crystallites along the β-strand direction (Fig. 4.3c), confirming the soundness of 
the MC simulations and the validity of the structural model proposed. 
4.3.3 Correlation of the BSFR with the primary structure 
of RNSESFS 
  The above systematic approach on NSSFS is also applicable to any fibril 
system with the network structure of β-nano crystallites and amorphous 
components. Within this framework, the only precondition for the prediction is the 
primary structures of the fibril proteins. The hierarchical structure of spider 
eggcase silk is similar to silkworm silk in many aspects [5, 48, 53, 63, 144-146]. 
However, the exact BSFR is still unclear. Here, we took the recombinant spider N. 
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antipodiana eggcase silk protein as a case to demonstrate the universal of our new 
approach. 
Herein, the target is to identify the BSFR from the sequences of RNSESFS. The 
exact BSFR in spider eggcase silk are still unclear. The randomly distributed short 
repeats, like (A)n or (S)n (n ≥ 1), have been suggested as possible candidates [145, 
146]. Nevertheless, residue G can also form β-conformations. Therefore, we 
proposed several structural models for RNSESFS with different (XYZ)n blocks (n 
≥ 1) as the BSFR. X, Y, Z can be either residue G, A or S. The simulation results 
showed that only when the BSFR comprise all the possible combinations of 
residue G, A and S, can the MC simulation results agree well with the 
experimental results (Fig. 4.5b). In this way, for the first time, we were able to 
identify the correct BSFR for spider N. antipodiana eggcase silks, which 
comprised all the possible combinations of residue G, A and S (Fig. 4.1c). 
4.3.4 Structural comparison between the NSSFS & 
RNSESFS 
Both NSSFS and RNSESFS share the semi-crystallite fibrillar network structure 
as revealed by AFM topography and traditional characterization techniques (Fig 
4.6a-c). Also, two possible unfolding pathways are found for the cleavage of 
β-nano crystallites of both NSSFS and RNSESFS, indicating that they were 
universal in all similar silk systems. In addition, at the molecular level, AFM 
pulling and MC simulations were able to confirm the BSFR of NSSFS and 




Figure 4.6 General structure information of NSSFS and RNSESFS. (a) and (b) AFM 
image of NSSFS and RNSESFS, respectively. Scale bar, 400 nm. The crystallinity is 
~40% for both NSSFS and RNSESFS, while the content of β-conformations of 
NSSFS (48.5%) is a little smaller than that of RNSESFS (53%). (c) Both NSSFS and 
RNSESFS share similar semi-crystallite network structure which composes of stiff 
β-nano crystallites and stretchy amorphous matrices. (d) The BSFR of NSSFS are 
comprised of (GAGAGS)n (n ≤ 11) blocks. The average length of β-strand and its 
neighboring amorphous linker is approximately equal to the average contour length 
(~16.7 nm). The average rupture force of β-strand is ~138 pN, and the yielding 
strength of B. mori silk is 179 MPa. (e) The BSFR of RNSESFS ((XYZ) n, n ≥ 1) are 
comprised of all the possible combinations of residue G, A and S. The average length 
of β-strand and its neighboring amorphous linker is approximately equal to the 
average contour length (~16.9 nm). The average rupture force of β-strand is ~122 pN, 




contour lengths were also found for NSSFS and RNSESFS (Fig 4.5a,b). These 
results indicate the interconnection of β-nano crystallites by amorphous chains and 
their similar role as the joints of the molecular networks for these two fibrils. 
The segmented features in the morphology of RNSESFS is not so obvious as 
NSSFS (Fig. 4.6a,b). Also, a larger probability in the occurrence of the peeling of 
the β-sheet plate is found for RNSESFS (8% of the trajectories) compared to 
NSSFS (6% of the trajectories), and the Fseperate for RNSESFS (160±52 pN) is also 
smaller than that of NSSFS (250±95 pN). This is likely due to the less compacted 
and weaker β-nano crystallites resulting from the dominated presence of the larger 
side-chain residue S in the sequences of RNSESFS. This is further confirmed by 
the larger inter-sheet distance for RNSESFS (15.4 A) compared to NSSFS (9.4 A). 
The pre-factors, a and b, are also different in the MC simulations. For RNSESFS, 
a = 0.6, b = 0.69, L1 = 8, L2 = 36; while for NSSFS, a = 0.3, b = 0.16, L1 = 6, L2 = 
18. It indicates that the BSFR of RNSESFS has a much smaller probability of 
β-sheet formation and a larger probability of β-sheet unfolding compared with 
NSSFS. This agrees well with the AA architectures of these two fibrils: more 
consecutive AAs with shorter side-chain and broader length distribution in the 
BSFR of NSSFS lead to better mechanical stability of the β-nano crystallites 
compared to RNSESFS (Fig. 4.6d,e, Fig. 4.1c). 
4.3.5 Selection criteria for BSFR 
The strength [52, 143] and alignment [63] of the β-nano crystallites are 
responsible to a large extent for the properties of silks. Since the primary structure 
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of silk proteins determines the intermolecular interaction and the size of the 
β-nano crystallites [55, 143, 150, 151], it will then determine their strength, 
consequently the mechanical properties of silks. In this concern, the selection of 
the primary structure of silk proteins, in particular, the molecular architecture of 
BSFR will be very crucial in synthesizing strong silk fibers [18]. The comparative 
studies on the force spectroscopy of NSSFS and RNSESFS in terms of different 
molecular architecture can provide useful implications on the correlation between 
the primary structure and strength of the β-nano crystallites. 
The molecular architectures of BSFR determine the distribution of the H-bonds 
between β-stands, and more consecutive H-bonds between β-stands lead to better 
rupture strength of β-sheet dominated proteins [55, 161]. The BSFR identified for 
NSSFS and RNSESFS were given in Fig. 4.1c. As there are more consecutive 
AAs in the BSFR of NSSFS, a higher strength of its β-nano crystallites is 
expected. The force spectroscopy results (Fig. 4.5c) agreed well with this 
expectation: the distribution of unfolding force for NSSFS was more populated in 
the high force region (> 125 pN); while that for RNSESFS was more populated in 
the low force region (< 125 pN). The 2D distribution of the unfolding force vs. the 
contour lengths showed more clearly that the β-conformations in NSSFS had 
better mechanical strength than that in RNSESFS (Fig. 4.5d,e). Therefore, we 
should expect the β-nano crystallites in B. mori silk to be stronger than that in 
spider N. antipodiana eggcase silk. This is in agreement with the higher yielding 
strength of B. mori silk (179 MPa) than that of spider N. antipodiana eggcase silk 
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(114MPa, Fig. 4.1b). 
In the MC simulations, enthalpy is the major contribution to the unfolding 
probability (eq. 2), which doesn’t change much once the length of BSFR (x) is 
beyond the stabilization length. The entropy of the system will decrease when the 
-conformations form. However, this is negligible compared to the gain in 
enthalpy when the BSFR is short. As the BSFR get longer, the entropy lost will 
become more dominant and destabilize the β-conformations, i.e., large-size 
β-nano crystallites can result in inferior strength of the final fibers [5, 63]. On the 
other hand, previous studies on silkworm silk model peptides revealed that when 
the number of AAs in BSFR exceeded 18, β-turns were found in the self-folded 
β-sheets [162, 163]. This can cost enthalpy penalties due to the tension raised in 
such self-folded β-sheet and weaken the β-nano crystallites. Therefore, there 
should be an optimal length for the BSFR to balance the enthalpy and entropy as 
well as the strength and the elasticity of the silk fibers. For the silkworm B. mori 
silks, the BSFR is optimized ~18 residues; and for spider N. antipodiana eggcase 
silks, the BSFR is optimized ~36 residues. 
In addition, besides the length the BSFR, the specific AA in the BSFR will also 
affect the strength of the β-nano crystallites. As discussed above, AA with shorter 
side-chain can lead to enhanced strength of the β-nano crystallites. Also, stronger 
hydrophobic interaction of residue A and its regular architecture in the BSFR of 
spider dragline silk ((A)n, 4 ≤ n ≤ 10) can induce stronger β-nano crystallites and 
better tensile strength of the fibers [123]. Molecular dynamic simulations 
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resembling the sequences of spider dragline silk revealed that the optimal length 
of BSFR was ~8 residues to achieve the optimum properties of the β-nano 
crystallites [150]. This is shorter than that for silkworm B. mori silks or spider N. 
antipodiana eggcase silks and is likely better optimized by reducing entropy costs 
while maintaining the enthalpy gains. On the other hand, the larger side-chain of 
serine in β-strands can lead to a larger inter-sheet distance and weaken the β-nano 
crystallites. Therefore, both the length and type of the amino acid of BSFR need to 





To sum up, we have successfully probed the mechanical features of two kinds of 
fibrils and correlated them with the primary/secondary/hierarchical structures 
through simulations and traditional characterization techniques. We are able to 
obtain the most exhaustive picture for the hierarchical structure of NSSFS and 
RNSEFS to our knowledge until recently. General organization, like the 
morphology of the nano-silk fibrils, as well as structural information at the 
molecular level, such as the crystallite dimension, interconnection between β-nano 
crystallites in the network structure, possible unfolding pathways for the cleavage 
of β-nano crystallites and the molecular packing and folding manner inside β-nano 
crystallites and etc, can be well clarified and explored through the novel approach. 
Also, the introduction of MC simulations enables the establishment of relationship 
between molecular structures and sequences. This approach provides a general 
and the most promising tool to uncover the hierarchical structures of all similar 
fibril systems as silks, including amyloid fibrils which usually associate with a 
particular disease [140]. This approach can also help to set up the links between 
the fibrillogenisis process and structural dynamics during the formation of the 
fibrils [164]. Useful insights obtained on the mechanical design of different silk 
systems and the correlation of the mechanical strength with the primary/secondary 
structures can direct the selection of BSFR for future artificial synthesis of silks as 




Chapter 5  
 






Besides the rational control of silk assembly process and proper selection of RP 
segments, the molecular weight (MW) of the silk protein used is also very 
important for the mechanical strength of the synthetic fibers in the artificial 
synthesis. In this chapter, we will introduce a general strategy for synthesizing 
homogeneous eggcase protein with large MW and investigate the mechanical 
properties of the final artificial fibers spun from this recombinant protein. The 
general strategy was to introduce a disulfide linkage through cysteine residues 
between two mutated C-terminal domains of the synthesized proteins. In this way, 
the synthesized protein, comprising the C-terminal domains and the repetitive 
domains, can form into the disulfide-bonded dimer with an MW of 378 kDa in the 
water solution. The artificial fibers spun from the recombinant protein can reach 
tenacity ~30% higher than its native counterpart. This general strategy is 
85 
 
applicable to the synthesis of other types of large silk proteins with tandem 
repetitive domains and provides a general way towards the design of robust 
artificial fibers. 
5.1. Introduction 
Spiders produce different types of silk fibers for different purposes, i.e., dragline 
silk as the lifeline to escape from the predator, capture spiral to stick the prey and 
eggcase silks to protect the offspring [8]. Generally, spider silks belong to the 
semi-crystalline polymers, containing both stiff β-nano crystallites and elastic 
amorphous matrices. Spider silk fibers, in particular the dragline silks, outperform 
most of the synthetic non-protein-based fibers in the mechanical properties with a 
good combination of super strength and great elasticity [124, 168]. In addition, 
biomaterials developed from silk proteins have various biomedical and industrial 
applications [90-93]. Nevertheless, spiders are highly cannibalistic and territorial 
animals. This greatly limits their large-scale farming [67]. Therefore, producing 
recombinant spider silk by bioengineering technology is one of the most 
promising alternatives [42, 69, 70]. Natural silk proteins usually have very high 
MW, ranging from ~250 to ~366 kDa [74, 128, 169]. Therefore, we should 
employ a recombinant spidroin with large enough size for artificial synthesis of 
silks in order to acquire similar mechanical properties as its native counterpart. 
However, attempts to produce and spin artificial silks mainly focus on small to 
medium size recombinant proteins, usually with MWs of <120 kDa. This always 
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results in artificial fibers with much lower tenacity compared to their 
corresponding natural silk fibers [68, 71]. Previous study had tried to introduce the 
double cysteine mutations in one repetitive domain of a ~46 kDa dimeric protein 
from major ampullate spidroin 1 (MaSp1) to generate large protein polymers. 
However, it ended up with uncontrollable and non-uniform sizes of larger 
oligomers [170]. The mechanical properties of its spun fiber were improved but 
still lagged far behind natural dragline silks’. Large recombinant dragline silk 
protein fragments with only repetitive domains from the spider Nephila clavipes 
were recently produced in metabolically engineered Escherichia coli [72]. The 
artificial fiber spun from the largest fragment with a MW of ~285 kDa showed the 
highest tenacity of 508±108 MPa, which is still lower than the strength of its 
native counterpart (1215±233 MPa) [171]. 
In this chapter, we will describe a universal strategy for producing 
homogeneous large-MW eggcase protein consisting of both repetitive and 
terminal domains. Also, we will demonstrate that, for the first time, synthetic 
fibers using this large-MW eggcase protein can lead to higher mechanical strength 




5.2.1. Plasmid construction 
The cDNA sequences of RP1Tu and RP2Tu were optimized based on E.coli 
codon usage and synthesized through single-stranded oligonucleotides of 40-50 
bases [78]. Each domain was subcloned into a pET32-derived expression vector. 
Domain ligation was performed through head-to-tail assembly using two 
compatible but non-regenerable restriction enzyme sites (Xma I and BspE I) [78]. 
CTDMi was not codon-optimized due to its high expression level in E. Coli. It was 
ligated into 11RP using the same strategy. E. coli DH5α was used as a host for all 
cloning.  
5.2.2. Protein expression and purification 
E. coli BL21 (DE3) pLysS cells harboring 11RPC expression plasmids were 
grown in terrific broth (TB) medium at 37 °C. When the OD600 reached ~2.0, cells 
were induced with 0.1mM IPTG at 16 °C for 18 hours. His-tagged 11RPC 
spidroins were purified by Ni-NTA affinity chromatography. Denaturation and 
refolding may be used to ensure a completed formation of disulfide bonds. 
Purified recombinant spidroins were intensively dialyzed again water at 4 °C. 





5.2.3. Protein characterization 
The secondary structure of recombinant spidroins in solution was determined by 
circular dichroism analysis, performed with a JASCO J-810 spectropolarimeter 
under a nitrogen atmosphere. A quartz cell with a path length of 0.1 cm was used 
and spectra were recorded between 260 and 190 nm at 0.1 nm intervals, and 
accumulation of 3 scans. 
5.2.4. Fiber spinning and mechanical testing 
Lyophilized silk proteins were dissolved in HFIP(hexafluoro-2-propanol) as a 
spin dope solution. The dope solution was extruded from a home-made spinning 
apparatus into a coagulation bath containing 100 mM ZnCl2 and 1 mM FeCl3 in 
water at a pumping speed of 0.2 ml/h. As little as 20 µl of dope solution could be 
spun. After spinning, the as-spun fibers were drawn in the air first and then in 
50-70% ethanol. The total drawing ratio was up to 5 times the original length. 
Artificial fibers were finally dried at room temperature with constraint at both 
ends to prevent any contraction. Each artificial fiber or natural eggcase silk fiber 
was mounted across a 2 cm gap on a paper frame and fixed at both ends. All fibers 
were examined for defects by light microscopy before mechanical testing. The 
tensile test was performed using an Instron Tensile Tester at a speed of 10 
mm/min. Tests were conducted in the air at room temperature and ~60% relative 






Fibers were examined microscopically using a polarizing microscope (BX61, 
Olympus) to determine diameters and appearance. Fibers were also observed 
using a SEM (JEOL JSM-6700F). The samples were applied on a SEM stub and 
vacuum-coated with a ~20 nm layer of platinum. SEM micrographs of fibers were 
photographed at an acceleration voltage of 5kV and room temperature. 
5.2.6. FTIR 
FTIR studies were performed using a Thermo Nicolet 380 FTIR spectrometer 
equipped with a mercury cadmium telluride (MCT) MCT-A detector and a 
slide-on attenuated total reflection (ATR) attachment (Ge crystal tip). FTIR 
spectra were used to calculate the beta-sheet content in artificial and natural 
eggcase silks following a previous reported procedure [5].  
5.2.7. Energy-dispersive X-ray spectroscopy (EDX) 
EDX was carried out on a Zeiss Supra 40 FE scanning electron microscope to 
analyze the elements in the artificial eggcase silk. 
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5.3. Results and Dicussions 
5.3.1 Synthesis of the proteins and artificial fibers 
Firstly, a recombinant eggcase silk construct (11RP) was made. 11RP contains 
ten type 1 repetitive domains (RP1Tu), one type 2 repetitive domain (RP2Tu), with 
the AA sequences identical to the wildtype tubuliform spidroin 1 (TuSp1) from 
the golden web spider, Nephila antipodiana (N.a.) [74, 132]. We then engineered 
the non-repetitive terminal domain, the C-terminal domain of MiSp1 (CTDMi). It 
has much higher water solubility compared to the C-terminal domains of TuSp1 
(CTDTu) and MaSp1 (CTDMa) [34, 172]. This can largely prevent the maturation 
of proteins in the purification process. Dimeric three-dimensional (3D) NMR 
structures of CTDMi revealed that the shortest distance between the two side chain 
oxygen atoms in S76 is close to ~2.8 Å (Figure 5.1a). Therefore, we mutated S76 
of CTDMi to cysteine (S76C) in order to introduce a disulfide linkage between two 
C-terminal domains. Finally, the S76C CTDMi mutant was ligated to 11RP to form 
a hybrid construct, 11RPC (Figure 5.1b). The monomeric form of 11RPC has a 
predicted MW of 189 kDa. More than 90% of 11RPC formed disulfide dimer in 
solution with MWs of 378 kDa. This was slightly larger than the native size of 
TuSp1 (~366 kDa) (Figure 5.1c) [74]. 11RPC was well expressed in E. coli. The 





Figure 5.1 Engineering of spider eggcase silk gene. (a) Dimeric structure of the 
C-terminal domain of MiSp1 indicating close distance (~2.8 Å) between two S76Oγ. 
Mutation of S76 to C76 results in disulfide-bonded dimer formation.  (b) 
Construction of 11RPC.  The AA number of each domain is indicated above the 
corresponding bar. The repeat number of RP1 domains is indicated below the bars. 
Structural region of CTDMi with a partial linker was ligated to C-terminal-truncated 
RP2Tu. (c) SDS-PAGE profile of purified 11RPC under oxidizing and reducing 





Figure 5.2 CD spectra of 11RPC in water (blue) and in HFIP (red) at RT. 
The secondary structure of 11RPC in water was α helices (Figure 5.2). After 
lyophilization, it was completely dissolved in hexafluoro-isopropanol (HFIP) to a 
concentration of >10%. The similarity of the CD spectra of 11RPC in HFIP and 
water indicates that the secondary structures are basically retained in HFIP as in 
native state prior to fiber formation. Spinning dope was then prepared using 
8-10% 11RPC in HFIP. A higher concentration of the protein solution was too 
viscous to manipulate. Next, we sought a non-toxic bath to provide an appropriate 
coagulation rate for the structural transition and solidification of spidroins. 
Structural transition rate is crucial to the formation of a continuous fiber. A slow 
transition rate usually results in irregular or broken fibers, while a high transition 
rate can lead to brittle ones or blocking of the spinneret. In previous studies, 
methanol and isopropanol solutions were widely used as coagulation bath for the 
spinning of recombinant spider silk proteins [72, 78, 79]. However, their toxicity 
makes them particularly difficult for future industrial applications. We tested 
many organic and inorganic solutions, including ethanol, glycerol, and various 
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salts (sodium, potassium, magnesium, zinc, ferri, cobalt, copper, ammonium salts). 
Finally, a combination of zinc and ferric solution was chosen as the coagulation 
bath where 11RPC could undergo moderate transition and solidification during the 
extrusion process. 
5.3.2 Characterization of the synthetic fibers 
The as-spun fibers showed globular-like substructure (Figure 5.3a), indicating 
that 11RPC molecules were initially assembled into micelle-like structures. The 
micelle-like structures have also been found to be formed from the spider eggcase 
and silkworm silk proteins [41, 74]. Therefore, it is likely a common structural 
transition state in the fiber formation process. Due to the shear force from 
post-spinning drawing, the globules were stretched and aligned parallel to the 
fiber long axis to form nano-silk fibrils. Compared with the as-spun 11RPC fibers, 
the surfaces of the post-drawn 11RPC fibers became much smoother and 
displayed finer fibrillar features (Figure 5.3a,b). Moreover, the post-drawn 
artificial fibers exhibited a similar surface morphology to the natural eggcase silk 
(Figure 5.3b,c). The post-drawn artificial fibers were strongly birefringent under 
the polarizing light, indicating that the protein molecules were well-aligned along 
the fiber long axis (Figure 5.3d). The diameter of the fibers can be controlled by 
adjusting the spinneret size. The diameter of the 11RPC fibers could reach 
between 6-14 µm after ~5 times post-spinning drawing. This is a bit smaller than 
that of the natural eggcase silk (17-21 µm). Based on Fourier transform infrared 
spectroscopy (FTIR), the β-sheet content of the post-drawn artificial fibers was 
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estimated to be ~40%, considerably higher than the as-spun fiber’s (~24%) and 
close to the natural eggcase silk’s (~46%) (Figure 5.4). 
 
 
Figure 5.3 Micrographs of silk fibers. SEMs of as-spun 11RPC fiber (a), post-drawn 
11RPC fiber (b) and natural eggcase silk fiber (c). Polarizing light microscopy of a 
post-drawn 11RPC fiber. Scale bars: (a) 1 μm; (b) 1 μm; (c) 10 μm; (d) 20 μm. 
     
Figure 5.4 FTIR spectra of as-spun 11RPC (a), post-drawn 11RPC (b) and native 
eggcase (c) at room temperature. The calculated content of the β-conformation is 40%, 




Energy-dispersive X-ray spectroscopy (EDX) was used to analyze the content 




) incorporated into the spun fibers. As showed in 
Figure 5.5, Zn
2+
 was detected to account for ~0.68% by weight while Fe
3+
 was 
undetectable. Previous study had reported that infiltrated metal ions into the inner 
structures of the natural spider dragline silk can increase the mechanical properties 
of fibers [64]. The entire protein sequence of 11RPC is rich in serine residues 
(~23%). In addition, 3D structures of RP1Tu, RP2Tu and CTDMi revealed that most 
of serine residues are exposed on the structural surfaces. Therefore, the side-chain 
oxygen of serine could be mainly responsible for the binding of Zn
2+
 during 
structural transition in the coagulation bath. The failure to identify Fe
3+
 signals 
suggests no or extremely weak binding of Fe
3+
 to the silk protein fragment in our 
experiment. 
The tensile profiles for both the post-drawn artificial silk and natural eggcase 
silk were shown in Figure 5.6. The tenacity of post-drawn 11RPC silk fibers was 
308±57 MPa, ~30% stronger than that of the natural eggcase silk fibers (Figure 
5.6b). Also, the Young’s modulus of post-drawn 11RPC silk fibers was 9.3±3 
GPa, >50% higher than the natural eggcase silk’s. The as-spun fibers showed 
much lower breaking strength (typically <100 MPa) compared to the post-drawn 
fibers or the natural eggcase silk. There was no clear correlation between the 
tenacity/modulus and fiber diameter. This is consistent with previous reports on 
polyethylene fibers [173]. Generally, the strength of silk fibers is mainly related to 




Figure 5.5 EDX spectrum measured on 11RPC, the percentage of element zinc was 
determined to be ~0.68% by weight. 
 
Figure 5.6 Mechanical properties of artificial fibers and natural eggcase silks. (a) 
stress-strain curves of a representative 11RPC fiber (red) and a natural eggcase silk 
(blue). (b-d) Tenacity, Strain and Young’s modulus comparisons between natural 
eggcase silks and 11RPC fibers. 
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chains and defects in the fibers [63, 143, 173]. By post-spinning drawing, the 
protein molecules acquired better orientation in the fiber long axis. Also, the 
content of the β-sheet conformations was increased [77]. Furthermore, there were 
fewer intrinsic defects in the synthetic fibers spun from proteins with larger MW 
[72]. Therefore, higher strength can be expected based on Griffith criterion [174]. 
In fact, previous studies had revealed that the ultimate strength of synthetic fibers 
increases with MW (proportional to MW
0.4
) [173]. 
Evidently, the constituent proteins utilized in the artificial synthesis play an 
important role in determining the overall mechanical properties of the final fibers 
[23, 72]. The combination of distinct silk proteins during the formation of silk 
fibers can give rise to different mechanical properties. In nature, dragline silk 
fibers extruded from two distinct proteins, MaSp1 and MaSp2 that are 
heterogeneously distributed in major ampullate silks [175]. Also, eggcase core 
fibers are a complex assembled from TuSp1, eggcase protein 1 (ECP-1) and 
eggcase protein 2 (ECP-2) [176]. In our synthesis, the artificial fibers spun from 
11RPC contained only one single type of protein. This in part explained its lower 
breaking strain and toughness compared with the natural eggcase silk fibers. Also, 
the different spinning conditions compared to that used by nature may also 





To sum up, we developed a simple method to engineer a large covalently 
bonded silk protein with a MW of 378 kDa that contains both repetitive and 
terminal domains for the production of artificial eggcase fibers. The recombinant 
protein was well expressed using commercially available E. coli and could be 
purified to high purity. We showed for the first time that the artificial fibers spun 
from recombinant protein can reach tenacity higher than its native counterpart. 
Incorporation of metal ions into artificial fibers during spinning process might 
contribute to its mechanical properties. The strategy employed here is generally 
applicable to the synthesis of other types of large silk proteins with tandem 
repetitive domains. Compared to the toxic organic solvent bath that is commonly 
used for artificial spider silk spinning and drawing, the non-toxic coagulation bath 
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Chapter 6  
 






Although longitudinal mechanical responses of single silk fiber have been 
extensively studied, the mechanical responses of the silk fibers after twisting were 
rarely investigated. In this chapter, a home-made setup was built to examine the 
effect of twisting on the mechanical performances of single silkworm and spider 
silk fibers. It was found that the mechanical performances of single twisted 
silkworm and spider silk fibers are remarkably different. The maximal elastic 
modulus of silkworm silk fibers was acquired at a twist angle of ~400 π while no 
such an elastic modulus was obtained for spider silk fibers within the achievable 
twist angles. This can be ascribed to the difference in the molecular -nano 
crystallite networks. Although there is not improvement in the breaking 
stress/strain and toughness, twisting does give rise to an enhancement in the 
“working toughness”, the toughness in the initial extension region, i.e., for up to 
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12.5% for twisted silkworm silk fibers and 22.5% for twisted spider silk fibers, 
respectively. As twisting is a technology which can be easily applied, the 
technology should be of general interest in a broad range of applications. 
6.1. Introduction 
Natural silk fibers, i.e., silkworm silk and spider dragline silk, have long 
attracted researchers’ interest for their excellent mechanical properties, especially 
the unique combination of strength and elasticity [3, 5, 53, 63, 143]. In this 
context, considerable efforts have been devoted to unraveling the relationship 
between the structure and mechanical properties by exploring the effects of 
different factors, i.e., spinning speed [3, 63], solvent [177, 178], temperature [65], 
humidity [179], as well as the primary structures [55, 180]. These are believed to 
be able to affect the final structures of silk fibers and their corresponding 
mechanical performances. Much has been achieved and the silk fibers are 
generally considered to be composed of bundles of nano-silk fibrils, which have a 
semi-crystallite network structure formed by the β-nano crystallites and the 
amorphous matrices. The β-nano crystallites provide silk fibers with great strength 
and the stretchy amorphous matrices contribute to the superior elasticity of silk 
fibers [5, 53, 63, 143]. Nevertheless, most of the previous studies and models 
mainly focus on the longitudinal mechanical responses of silk fibers, and little 
attention has been paid to their torsional mechanical responses. 
101 
 
The torsional stability is also of critical importance for the silk fibers, in 
particular the spider dragline silk filaments, which serve as spiders’ lifeline and 
undertake the responsibility to stop the spiders from swinging when escaping from 
their predators. Recently, the shear modulus of both synthesized fibers and spider 
dragline silk fibers (Nephila clavipe) were determined through a tswisting tester 
[181]. It was found that the shear rigidity of the spider dragline silk was higher 
than most of the other textile fibers including Kevlar 29. Furthermore, a torsional 
shape “memory” was shown in spider dragline silk [61]. Spider dragline silk 
would oscillate around a new pseudo-equilibrium position before it finally 
self-recovered to its original position. The twist failure of silkworm silk (mulberry 
and tasar) was also investigated and it was found that mulberry ﬁbers have a 
higher tensile and twisting strength than the tasar ﬁbers [182]. 
Yet, little is known about how twisting will influence the hierarchical structure 
as well as the mechanical properties of silk fibers. Inspired by the torsion induced 
structural transition observed in DNA molecules [183], we design an experimental 
setup which enables us to study how twisting will affect the structure as well as 
the mechanical properties of single silk fiber under different twist angles. In 
addition, comparative studies on two different systems, silkworm silks and spider 
silks, will help to explore how systems with different structures will respond to the 
twisting as well as to establish the relationship between the structure and the 
mechanical properties. Finally, possible engineering implications through twist for 




6.2.1. Sample preparation 
Silkworm silk fibers reeled from Bombyx mori (B. mori) cocoons were 
degummed by washing the fibers in a 2 wt% solution of Marseille soap and 0.5 
wt% of Na2CO3 in water at about 95 °C for 30 minutes, followed by rinsing with 
deionized water. The process was repeated several times with fresh solution and 
the degummed silkworm silk fibers were then air dried for future tests. Adult 
female spiders (Nephila pilipes) were anaesthetized by CO2 and fixed to a black 
hard cardboard with tape. After the spider waked up for a sufficient period of time, 
a plastic column attached to a computer controlled motor was used to collect the 
single major ampullate (MA) silk fiber at a constant speed of 10 1mm s . The 
temperature and relative humidity (RH) were kept at 25 °C and 55% during the 
reeling process.  
6.2.2. Twisting experiment 
The experimental setup for twisting experiments is shown in Fig. 6.1. Single 
silk fiber (2 mm in length) mounted on a paper frame was fixed onto the wheel by 
the clip and paper slit. A step-motor-driven wheel was employed to control the 
twist angle through a computer program. In our experiments, the angular speed 
was maintained at 2 1s  . The platform could be adjusted to different heights to 
avoid unnecessary over-stretching of the silk fibers during the twisting process. 
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The twisted sample was then carefully mounted to a new paper frame and kept in 
a desiccator for around two days to ensure enough sample relaxation before the 
mechanical tests. The largest twist angle is 500 π for silkworm silk and 1000 π for 
spider silk. It was taken based on the fact that further increase will lead to 
entangled knot or breakage of the fibers when stuck to a new paper frame. 
  
Fig. 6.1 The experiment setup to prepare the twisted single silk fibers. (a) A full view 
of the twist-experiment setup. The platform can be adjusted to different height to 
avoid the over-stretch of the fibers during the twist. The motor is used to control the 
twist angles. (b) A control sample is held by the clip and the paper slit. The paper 
frame was cut during the twisting experiment. (c) The twisted silk fiber is mounted 
onto a new paper frame for the mechanical tests. 
6.2.3. Mechanical tests 
Instron Micro Tester (Model 5848) was used to measure the mechanical 
properties of silk fibers. The force resolution is 0.5% of indicated load, the 
position resolution is 0.02 μm, and strain rate is 50% per minute. The whole tests 
were performed at 22 °C and the RH is 60%. The average diameter of the 
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silkworm silk fiber was calculated by weighting method: the fibers were first 
weighted and then the average diameter was derived by taking the silkworm silk 
as cylindrical shape and its density as 1.3 
3g cm . For spider silk fiber, the 
diameter was measured under the optical microscope by calculating the average 
value over three tests for each sample. The average diameter of twisted silk fibers 
was treated as the same as the control ones for both silkworm silk and spider silk. 
This is reasonable because the diameter did not vary much judging from the SEM 
images (Fig. 6.2). 
 
Fig. 6.2 SEM images of the control and twisted silk fibers. It can be seen that the 
diameter of the twisted fibers is almost the same as the control one for both silkworm 
silks and spider silks. (a) SEM images of the control and twisted fibers (350 π and 
500 π) of silkworm silk. (b) SEM images of the control and twisted fibers (600 π and 
1000 π) of spider silk. 
6.2.4. Raman spectroscopy 
Raman spectra were obtained using a WiTec CRM200 Raman system with 
532-nm excitation and a focused beam with a diameter of about 1 μm. A 100 × 
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objective lens with a numerical aperture (N.A.) of 0.95 was used. The integration 
time for each spectrum was 40 seconds and no structure deterioration was found 
during repeated measurements. At least 3 spectra were obtained for each sample 




6.3. Results and Dicussions 
6.3.1 General stress-strain profiles 
The stress-strain profiles of both the control and twisted samples of the 
silkworm and spider silk fibers were shown in both the control and twisted 
samples of the silkworm and spider silk fibers were shown in Fig. 6.3a and Fig. 
6.3b, respectively. As shown, either type of twisted silk fibers, including those at 
the largest twist angle, shared similar mechanical profiles as the control. This 
indicates that the main structures of twisted silk fibers do not suffer significant 
distortion. 
The Raman spectroscopic examination on the silk fibers was carried out to verify 
our assumptions. The Raman spectra can detect the change in the secondary 
structures as well as the stress distribution of the silk fibers [48, 184-188]. As can 
be seen from Fig. 6.4, the Raman spectra of twisted silk fibers were similar to the 
control for both types of the silk fibers. This verifies that the secondary structure 
of the twisted silk fibers does not experience a major change compared with the 
control. In addition, the molecular chains of the twisted silk fibers were not in the 
stressed state because the position of the characteristic peaks remained the same as 
the control [187]. Nevertheless, the flexible amorphous chains in the hierarchical 
structure of the silks may likely be more aligned along the fiber long axis due to 
the stretching induced by the twisting. Also, entanglement may arise between the 
nano-silk fibrils during twisting. These effects lead to the slightly different tensile 
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profiles between the twisted fibers and control ones for both silkworm silks and 
spider silks. 
Particular concerns are then casted into the differences in mechanical 
performances at different twist angles for each type of the silk fibers. Interestingly, 
a crossover point was found for the silkworm silk fibers between the twisted 
samples and the control in the low strain range (2~7%) of the mechanical profiles 
(Fig. 6.3a inset). Nevertheless, such crossover point was not found for the spider 
silk fibers. This implies that twisting can enhance the mechanical performance of 
the silkworm silk fibers at the initial deformation stage. This enhancement 
subsequently turns into mechanical weakening after the crossover point (Fig. 6.3a 
inset). On the other hand, the higher strength is acquired for spider silk fibers by 
twisting the fibers (Fig. 6.3b). The different mechanical responses to twisting 
occurring from the silkworm and spider silk fibers most likely arise from their 
different structural characteristics. 
 
 
Fig. 6.3 General stress-strain profiles of silkworm silk and spider silk (a) The tensile 
profiles of silkworm silk fibers at different twist angles. Inset is the magnified profiles 
showing the crossover points. (b) The tensile profiles of spider silk fibers at different 
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twist angles. Different colours represent different twist angles, as shown in each panel. 
Each stress-strain profile is derived by averaging over more than 40 samples. The 
error bars at the end of each curve denote the standard deviation of the breaking 
points, and the dashed purple lines are the envelops of the maximum stress deviation 
at the same strain. 
 
  
Fig. 6.4 Structural analysis of the control and twisted fibers by Raman spectroscopy. 
The similarities of the Raman spectra between the control and twisted fibers for both 
silkworm silks and spider silks indicated that the main structures of twisted silk fibers 
do not suffer significant distortion. (a) Raman spectra of both control and twisted 
fibers of silkworm silk (Bombyx mori). (b) Raman spectra of both control and twisted 
fibers of spider silk (Nephila pilipes). Only certain twist angles were chosen for 
Raman experiments. h/v means the fiber long axis is parallel/perpendicular to the 
polarization direction of the laser beam. 
The general hierarchical structures of silkworm and spider silk fibers are shown 
in Fig. 6.5. Although both silkworm and spider silk fibers are semi-crystallite 
polymers consisting of nano silk fibrils, their content of different β-conformations, 
crystallinity and the inter-crystallite distance are different [5]. There are two types 
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of β-conformations in silk fibers, the intra-β-sheets and β-nano crystallites (Fig. 
6.5). In silkworm silk fibers, the intra-β-sheets accounts for only 18% of the total 
content of β-conformations; while in spider silk fibers, the intra-β-sheets accounts 
for ~57% of the total content of β-conformations. On the other hand, the 
crystallinity (the ratio of β-nano crystallites in the overall secondary structures) in 
silkworm silk fibers (~40%) is much larger that of spider silk fibers (~20%) [44, 
189]. In addition, the inter-crystallite distance in silkworm silk fibers is much 
shorter than that in spider silk fibers. The above structural differences indicate that 
the silkworm silk fibers have a much more rigid and close-packed molecular 
network structure than that of spider silk fibers. 
 
 
Fig. 6.5 The general hierarchical structure of spider dragline and silkworm silk ﬁbers. 
There are two kinds of proteins silkworm silk fiber. Both spider dragline and 
silkworm silk fibers are composed of bundles of nano-silk ﬁbrils, which have a 
semi-crystallite network structure with crystalline and amorphous regions. There are 
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two types of β-conformations in spider dragline silk fiber: intra-β-sheet and β-nano 
crystallites. The typical repeat amino acid sequences forming into the β-sheet 
structure are from the literature results [5]. 
Two possible effects may be exerted by twisting on the silk fibers. Firstly, it is 
the hardening effect arising from the better alignment of the molecular chains and 
stronger interaction between the nano-silk fibrils. Because the twisted fibers 
maintained the original length as the control ones (see Methods for details), they 
experienced stretching from both the fiber longitudinal and transverse directions. 
Therefore, the molecular chains and β-nano crystallites of twisted silk fibers will 
be more aligned along the fiber longitudinal direction and more close-packed 
along the fiber transverse direction compared with the control. This strengthens 
the twisted silk fibers, similar to the hardening effect induced by the change of 
reeling speed [63]. In addition, the twisting will make the nano-silk fibrils 
entangled. This can prevent the spreading of cracks and strengthen the twisted silk 
fibers [58]. On the other hand, deterioration effect will arise when part of the 
β-nano crystallites broke because of the stretching induced by the twisting. This 
can weaken the strength of the twisted silk fibers. 
The tensile deformation of the silk fibers begins first with the stretching of the 
amorphous chains, and then the β-nano crystallites start to break [143]. With a 
much more rigid molecular network, the silkworm silk fibers were not able to 
extend much under the stretching induced by the twisting. Therefore, the β-nano 
crystallites in the silkworm silk fibers were more susceptible to breakage when 
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suffering from bending, twisting and elongating tension, and part of the β-nano 
crystallites in the silkworm silk fibers were broken by the further twisting. This 
weakened the strength of the initially enhanced twisted silkworm silk fibers and 
gave rise to the cross-over point (Fig. 6.3a inset). While in spider silk fibers, the 
more elastic molecular network helped the β-nano crystallites to survive from 
twist, so the hardening effect dominates and the tensile strength was increased for 
the twisted fiber compared to the control throughout the strain range. A detailed 
structural model illustrating the possible change in the hierarchical structure of 
silkworm silks and spider silks during twist was shown in Fig. 6.6. 
 
 
Fig. 6.6 Elastic modulus of silkworm silk fibers and spider silk fibers at different twist 
angles and the proposed scheme for the possible structural changes induced by 
twisting. The error bars denote the standard deviation. The more rigid molecular 
network of silkworm silk fibers renders the β-nano crystallites more susceptible to 
breakage at larger twist angles, while the more elastic network and intra-β-sheet of 
spider silk fibers can help the β-nano crystallites to survive at larger twist angles. 
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6.3.2 Elastic modulus and model based calculation 
Elastic modulus, as a measure of material’s stiffness, can provide information 
about the flexibility of the molecular chains [2]. The elastic modulus is equal to 
the slope of the linear portion in the initial strain region of the tensile profiles. The 
change of elastic modulus versus twist angle for both silk fibers is shown in Fig. 
6.6. Twisted silkworm silk fibers acquired the optimal elastic modulus at twist 
angles around 300~400 π; while no similar point can be found from the twisted 
spider silk fibers. 
  In order to investigate the influence of twisting on the molecular chains and 
to predict the change in the elastic modulus of twisted silk fibers, a simple 
calculation was conducted. The calculation is based on the elastomeric fibrillar 
model since silks are composed of bundles of nano-silk fibrils, which have a 
semi-crystallite network structure formed by the stiff β-nano crystallites and the 
stretchy molecular- matrices [5, 53, 63, 143]. The model was shown in Fig. 6.7, so 
as the meanings of the physical quantities that will be used in the calculation. The 
shape of the cross section of nano-silk fibrils is set to be circle for simplicity. The 
Poisson Ratio, bending rigidity and twisting rigidity of each fibril are set to be 
zero. Since the final length of twisted fibers was maintained the same as the 
control before the tensile test (see Methods for details), the average extension for 
the twisted fibers can be calculated by equation (1): 
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Herein, for silkworm silk, L0 = 20 mm, R0 = d/2 = 5.5 μm. A single twisted 
silkworm silk fiber was strained about 1.7~2.9% on average at a twist angle 
around 300~400 π at a given length. This strained range coincides with that of the 
yield point, after which the β-nano crystallites start to break massively [5, 53]. In 
this sense, when the twist angle is less than 400 π, silkworm silk fibers behave like 
pure elastomer and the twist-induced hardening effect leads to the increase of the 
elastic modulus; while when the twist angle is larger than 400 π, the increasing 
breakage of the β-nano crystallites destroys the original backbone of twisted 
silkworm silk fibers, which in turn reduce the elastic modulus. Therefore, by 
implementing this simple elastomeric model, the optimal value of the elastic 
modulus for twisted silkworm silk fibers was predicted to locate in the range of 
twist angle of ~400 π. It turns out that our prediction is in good agreement with 
the experimental results. On the other hand, spider silk fibers behaved in an 
elastomeric way throughout all accessible twist angles to ~1000 π, therefore only a 
gentle increase in the elastic modulus was observed, arising from the better 
aligned molecular chains. This is consistent with the fact that the breakage of its 





Fig. 6.7 Simplied elastomeric fibrillar model based calculation to predict the change 
in the elastic modulus of twisted silk fibers. The left part demonstrates a segment of a 
twisted elastomer with twist angle θ, and the radius of this elastomer is R0. The 
elastomer fiber is constituted of fibril bundle (7 fibrils shown in the bundle is for 
display purpose). The fibril is original set to be aligned to the fiber axis, and the 
distance from the marked fibril by solid blue line to the central axis of fiber is r. The 
right part is the unfolded cylindrical surface of radius r, and the final length of the 
fibril after twisting is L. 
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6.3.3   Breaking strain and breaking strength 
  The breaking strain and breaking strength of both silkworm and spider silk 
fibers are shown in Fig. 6.8. The breaking strain and strength decreased with the 
increasing of the twist angles for both silk fibers. Larger twist angles results in the 
increased stretching of the molecular chains and more severe entanglements 
between the nano-silk fibrils. This reduces the flexibility of the molecular chains 
and leads to the decrease in the breaking strain of the twisted silk fibers. The 
reduction in the breaking strain in turn gives rise to the decreased breaking 
strength of the twisted silk fibers. 
 
Fig. 6.8 The changes of breaking strain and breaking strength versus the twist angle 
for both silk fibers. (a) and (b) Dependence of the breaking strain and stress of 
silkworm silk on the twist angle. (c) and (d) Dependence of the breaking strain and 
stress of spider silk on the twist angle. The error bars denote the standard deviation. 
116 
 
6.3.4 Toughness and engineering implications 
One of the merits of the silks as materials is that their excellent toughness 
outperforms most man-made fibers [4]. This provides unique advantage for silks 
in the application as energy-absorbing materials [5, 62]. Toughness is measured 
by the energy required to break the material and can be calculated from the area 
under the stress-strain curves. As shown in Fig. 6.9a, the toughness of the twisted 
fibers are inferior to the control; this is due to the decrease in the breaking strength 
and breaking strain of the twisted silk fibers as discussed above. Nevertheless, due 
to the variety of applications of silks, it is known that not all the applications 
require the silk fibers to work in their critical conditions. In most cases, the 
strength of silk fibers at low extensions is of more concerns when it serves as 
surgical sutures, tendon repair, scaﬀold supporting materials and the basic 
materials for textiles. Therefore, it is reasonable to consider the energy 
absorbability in low extension region. Herein, we define the “working toughness”.  
This is to characterize the energy absorbability in the low extension region, and 






silkworm spider silkworm spider
WE d                   (2) 
 
where /W
silkworm spiderE denotes the working toughness of silkworm silk or spider silk; 
the “working strain” is chosen to be ∼7.5% for both silkworm silks and spider 
dragline silks; ( )  denotes their respective stress at strain ε. 
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As shown in Fig. 6.9, a significant increase was found for the working 
toughness of twisted spider silk fibers due to the increased tensile strength in the 
initial deformation region (Fig. 6.3). It amounted to ~22.5% increase for the 
twisted spider silk fiber at twist angle of 1000 π compared to the control. For 
silkworm silk fibers, ~10% of increase was found when the twist angle was 
increased from 100 π to 500 π. However, at a small twist angle, the working 
toughness of the twisted silkworm silk fibers was inferior to the control. This is 
because the twisted silkworm silk fibers were softened due to the breaking of the 
β-nano crystallites at the unbiased chosen working strain, which is after the yield 
point of silkworm silk fibers. Actually, when a working strain range of 2% was 
chosen for the calculation of the working toughness, there was a 12.5 % increase 
in the working toughness at twist angle of 300 π for the twisted silkworm silk 
fibers compared to the control (Fig. 6.9c). Therefore, in the point of view of 
applications, as twisting the silk fibers enhance the  energy absorbability in the 
low-strain range, this technology will benefit the  applications where the initial 
rigidity is more concerned, i.e., surgical sutures, tendon repair materials, or 
normal textiles. In addition, less effort is needed for the twisting process compared 





Fig. 6.9 Dependence of toughness and working toughness of silk fibers on twist angle. 
(a) The toughness of twisted fibers decreases with the increasing of twist angle for 
both silkworm silk and spider silk. (b) The working toughness is calculated by taking 
the strain from 0~7.5% for both silkworm silk and spider silk. The working toughness 
can be increased up to 12.5% and 22.5% for twisted silkworm silk and spider silk 
separately at the largest twist angle. (c) The working toughness is calculated by taking 
the strain from 0~2%. A 10% increase in the working toughness was found at the 
twist angle of 300 π compared to the control for silkworm silk fibers; while for spider 







To sum up, we have developed a home-made setup that enables us to investigate 
the effect of twisting on the mechanical performances of single silk fiber. Our 
results revealed that different rigidity of the molecular network of silkworm and 
spider silk fibers can lead to distinct mechanical response to twisting. For 
silkworm silk with more rigid molecular network, the enhancement from 
hardening effect by twisting is compromised by the weakening from the 
deterioration effect due to the breakage of β-nano crystallites, leading to the 
crossover point in the stress-strain curves. While for spider silk, the more elastic 
molecular network helped the β-nano crystallites to survive from twisting. 
Therefore, a continual mechanical enhancement with increasing twist angle was 
found because of the hardening effect. Also, through calculation based on 
elastomeric fibrillar model, the optimal value of twist angle (~400 π) at which 
silkworm silk achieved its maximum elastic modulus (10.6 GPa) was predicted 
and agreed well with our experimental results. Furthermore, despite the inferior 
breaking strain and breaking strength for twisted silk fibers, the “working 
toughness” can be increased up to 12.5% and 22.5% for twisted silkworm and 
twisted spider silk fibers respectively when a proper twist angle was chosen. Such 
improvement by twisting can benefit silks as materials in applications at low 
extension scenarios, like in surgical sutures, tendon repair materials, or textile 
materials. Our results proved the possibility and feasibility to study the torsional 
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properties of silks through proper experiment setup. This is of great interest, 
especially for spider dragline silk which serves as the lifeline and the torsional 
stability is critical to help spiders to survive from predators. Cyclic [190] and 
super-contraction [60] experiment can be carried out in the twisted silk fibers to 
probe the relationship between the structure and the mechanical properties with 
our experimental design. Also, in the future, twist experiment can also carried on 
synthesized silk fibers to compare their response to twisting with that of natural 
silk fibers. In our thesis, this part is not carried out due to the limitation of the 
experimental condition and the samples (the synthesized eggcase fibers are quite 
brittle). Hopefully, our experimental design and results will open a new route for 
future studies on the structure-mechanical properties relationship of silks. 
* This work is collaborated with Dr. Xiang Wu from Department of Physics, 




Chapter 7  
 





In this thesis, a systematic study has been carried out to solve the remaining 
issues regarding the formation, structure-properties relationship and artificial 
synthesis of silks. 
In chapter 3, we systematically explore the effect of the NR terminal domains 
on the protein’s thermal stability, the silk fibril formation as well as the silk fiber 
formation. The NR C-terminus and N-terminus are found to be able to reduce the 
structural transition temperature of the proteins. We discover that the role of the 
NR terminal domains in the fibril formation most likely lie in reducing the energy 
that needed for the structural transition. In this way, the NR terminal domains can 
readily response to the changes in the environmental stimuli, therefore controlling 
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the silk fibril and fiber formation. Also, the observation of the silk fibril growing 
process indicates that the formation process of silk fibrils probably includes the 
initial nucleus (the globular aggregates) formation and transition from the 
intermediate state (the protofibrils) to the final mature fibrils. In addition, the NR 
terminal domains are able to enhance the interaction between the protein 
molecules, therefore leading to more compacted and organized synthetic fibers. 
In chapter 4, we have successfully probed the mechanical features of two kinds 
of fibrils and correlated them with the primary/secondary/hierarchical structures 
through simulations and traditional characterization techniques. We are able to 
obtain the most exhaustive picture for the hierarchical structure of two kinds of 
fibrils, NSSFS and RNSEFS, to our knowledge until recently. General 
organization, like the morphology of the nano-silk fibrils, as well as structural 
information at the molecular level, such as the crystallite dimension, 
interconnection between β-nano crystallites in the network structure, possible 
unfolding pathways for the cleavage of β-nano crystallites and the molecular 
packing and folding manner inside β-nano crystallites and etc, can be well 
clarified and explored through the novel approach. Also, the obtained structural 
insights and mechanical designs of silks provide practical guidance for artificial 
synthesis of silks. 
In chapter 5, a simple method is developed to engineer a large covalently 
bonded silk protein with a MW of 378 kDa that contains both repetitive and 
terminal domains for the production of artificial eggcase fibers. The recombinant 
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protein is well expressed using commercially available E. coli and could be 
purified to high purity. We show for the first time that the artificial fibers spun 
from recombinant protein can reach tenacity higher than its native counterpart. 
Incorporation of metal ions into artificial fibers during spinning process might 
contribute to its mechanical properties. The strategy is generally applicable to the 
synthesis of other types of large silk proteins with tandem repetitive domains and 
shows its potentials for large scale production of artificial silks in the future. 
In chapter 6, we have developed a home-made setup that enables us to 
investigate the effect of twisting on the mechanical performances of single silk 
fiber. Our results revealed that different rigidity of the molecular network between 
silkworm silks and spider silks can lead to distinct mechanical responses to 
twisting. For silkworm silk with more rigid molecular network, the enhancement 
from hardening effect by twisting will be compromised by the weakening from the 
deterioration effect duo to the breakage of β-nano crystallites. While for spider 
silk, the more elastic molecular network helped the β-nano crystallites to survive 
from twisting, a continual mechanical enhancement with increasing twist angle 
was found because of the hardening effect. Also, through calculation based on 
elastomeric fibrillar model, the optimal value of twist angle (~400π) at which 
silkworm silk achieved its maximum elastic modulus (~10.6 GPa) was predicted 
and agreed well with our experimental results. Furthermore, despite the inferior 
breaking strain and breaking strength for twisted silk fibers, the “working 
toughness” can be increased up to 12.5% and 22.5% for twisted silkworm silks 
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and twisted spider silk separately. Our results proved the possibility and feasibility 
to study the torsional properties of silks through proper experiment setup. This is 
of great interest, especially for spider dragline silk which serves as the lifeline and 




Despite the useful insights obtained from this study, we still have a long way to 
go before we can finally synthesize silk fibers with mechanical properties that 
outperform the counterparts from nature in every aspect. 
For the formation mechanism of silks, the role of the NR terminal domains and 
the RP domains remain to be explored, especially the effect of the NR terminal 
domains and the RP domains with different properties, i.e., hydrophobicity, 
electric charge, the size of the side-chains. A detailed understanding on this can 
help to design the synthesis of silks with different properties to meet diverse 
demands. 
Also, the approaches we develop at chapter 4 can be applied to different silk 
proteins or silk-like proteins to unravel the hierarchical structures as well as to 
acquire the mechanical designs of different systems. In this way, a complete 
database on the structure-properties relationship can be readily established. 
In addition, the structural correlation with the torsional properties of silks is still 
to be understood. The unraveling of the secret behind this can open the 
opportunities towards design of materials with exceptional torsional stability, 
which is of great potentials for industrial applications. 
Last but not the least, the spinning technology mimicking the in-vivo spinning 
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